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I. REAL PARTY IN INTEREST 

The real party in interest is the assignee, Research Development Foundation. 

II. RELATED APPEALS AND INTERFERENCES 
There are no interferences or appeals for related cases. 

IIL STATUS OF THE CLAIMS 

Claims 6, 8, 9 and 14-23 are pending and stand rejected. All claims are subject to the 
present appeal. A copy of the pending and appealed claims is attached as the Claims Appendix. 

IV. STATUS OF AMENDMENTS 

All previously sought amendments have been entered. Appellants are submitting 
herewith an amendment to address the minor "antecedent basis" rejection of claim 23 under 35 
U.S.C.§1 12, second paragraph. 

V. SUMMARY OF THE CLAIMED SUBJECT MATTER 

The principle claim, claim 6, is directed to a method of measuring the amount of 
oxidative stress in a human individual, comprising the steps of collecting a blood sample from 
said individual and assessing the amount of mitochondrial DNA damage in cells from said 
sample wherein such amount of damage is indicative of oxidative stress in said individual. 
Specification, page 8, line 19, to page 9, line 16; page 10, lines 8-18; Figure 12; page 18, lines 1- 
11; Example 19. 

Dependent claim 8 is directed to assessing said mitochondrial DNA damage by 
quantitative PCR. Specification, page 23, lines 2-5. 

Dependent claim 9 is directed to assessing the amount of oxidative stress, wherein 

increased amounts of oxidative stress are predictive of atherogenesis, hypertension, diabetes 
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mellitis, hypercholesterolemia, degenerative diseases of aging or cancer. Specification, page 24, 
lines 6-9. 

Dependent claim 14 is directed to assessing mitochondrial DNA damage by measuring 
the amount of DNA damage per length of mitochondrial DNA. Specification, page 23, line 1 1 - 
21. 

Dependent claims 1 5 directed assessing mitochondrial DNA damage that comprises one 
or more deletions, insertions or duplications. Specification, page 25, line 18, to page 26, line 6. 

Dependent claims 16 is directed to assessing mitochondrial DNA damage by measuring 
mitochondrial mRNA production. Specification, pages 35-37 (Example 5). 

Dependent claim 17 is directed to assessing mitochondrial DNA damage by measuring 
mitochondrial protein production. Specification, pages 37-38 (Example 6). 

Dependent claim 18 is directed to assessing mitochondrial DNA damage by measuring 
changes in mitochondrial oxidative phosphorylation. Specification, pages 38-39 (Example 7). 

Dependent claim 19 is directed to assessing mitochondrial DNA damage by measuring 
changes in mitochondrial ATP production. Specification, pages 38-39 (Example 7). 

Dependent claim 20 is directed to assessing mitochondrial DNA damage by measuring 
changes in mitochondrial redox state. Specification, pages 40-48 (Example 9). 

Dependent claim 21 is directed to determining the amount of DNA damage in a nuclear 
gene in said tissue of interest; and comparing the amount of DNA damage per length of DNA 
between said mitochondrial DNA and said nuclear gene, wherein a greater amount of 
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mitochondrial DNA damage per length of DNA than nuclear DNA damage per length of DNA is 
indicative of an increased amount of oxidative stress in said individual. Specification, page 9, 
line 17, to page 10, line 7. 

Dependent claim 22 is directed to treatment of said DNA with FAPY glycosylase prior to 
said PCR amplification for detection of 8-oxo-G-lesion. Specification, page 26, lines 1-6; 
Example 3. 

Dependent claim 23 is directed to testing samples of white cells. Specification, page 10, 
lines 8-18. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

There are two rejections that are the subject of the present appeal: 

1) A rejection of claims 6 and 16-20 as lacking enablement under 35 U.S.C. §112, first 
paragraph; and 

2) A rejection of claims 6, 8-9 and 14-23 as indefinite under 35 U.S.C. §112, second 
paragraph 

(Appellants presume that the rejection of claim 23 as indefinite on an antecedent basis 
issue has been adequately addressed in Appellants concurrently submitted amendment.) 

VII. ARGUMENT 

A. Section 112, First Paragraph Rejections 

The Final Action first rejects claim 6 and 16-20 under 35 USC 1 12, first paragraph, with 
the Action taking the position that while the specification is enabling for a method for measuring 
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the amount of oxidative stress by detecting the amount of DNA damage, it does not reasonably 
provide enablement for detecting mtDNA damage by measuring mt mRNA production, mt 
protein production, mt oxidative phosphorylation, mt ATP production or changes in oxidative 
redox state. 

In response, Appellants submit that the Action again fails to set forth any cognizable 
evidence to support its position of non-enablement and, as such, has failed to set forth a prima 
facie case based on substantial evidence as the law requires. In re Gartside, 203 F.3d 1305, 1315 
(Fed. Cir. 2000). To make out a prima facie rejection, an examiner is required to come forward 
with evidence or sufficient reasoning substantiating the doubts advanced. In re Dinh-Nguyen, 
181 U.S.P.Q. 46 (C.C.P.A. 1974). The Examiner attempted to address this issue merely by 
reference to the Corral-Debrinski et al, 1992, article (Exhibit 1 of Evidence Appendix) as well 
as what appear to be facts within the Examiner's own personal knowledge, which facts have not 
been substantiated on this record as required by 37 C.F.R. 1.104(d)(2). The Examiner was 
invited to submit an affidavit setting forth this knowledge with particularity, but no such affidavit 
was forthcoming. Thus, it is submitted that any "facts" alleged or relied upon by the Examiner 
based on the Examiner's personal knowledge must be disregarded. 37 C.F.R. 1.104(d)(2). 

Before turning to the specifics of the rejection, Appellants first point out that the real 
"enablement" question here is whether one of skill in the art can carry out the assay as claimed - 
i.e., whether one of skill in the could undertake a measurement of mt mRNA production, for 
example. Yet, there has been no suggestion in the Action that one of skill in the art would not be 
enabled to carry out such an assay, merely whether such an assay would be reasonably predictive 
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of mtDNA damage. Thus, the question is perhaps more appropriately considered one of 
operability/utility. 

The Action Fails to Set Forth Evidence of Unpredictability 

Turning to the Action's comments, in an attempt to satisfy the Wands criteria, the Action 
first takes the position that that the relationship between mitochondrial ("mt") DNA damage is 
not quantitatively related to mt mRNA production, mt protein production, mt oxidative 
phosphorylation, mt ATP production or changes in oxidative redox state, and yet provides no 
support for this conclusion. Rather, the Action simply states that the "art teaches that tissue 
ischemia, OXPHOS gene defects, environmental toxins, mtDNA mutations, decreased cellular 
ATP and oxygen radical formation all affect phosphorylation dysfunction which leads to tissue 
degeneration and cell death" referring to the article of Corral-Debrinski et al, 1992. Action at 
page 3-4. The Action then states that "[t]he art does not teach how the amount of mtDNA 
damage is affected or associated by each of these factors." 

Applicant again observes that the statement lifted by the Examiner from the Corral- 
Debrinki et al article in no way supports a conclusion of non-enablement. Rather, it serves the 
opposite purpose and indeed supports enablement: Corral-Debrinki et al itself states "[t]his 
cumulative mtDNA damage was associated with a compensatory 3.5-fold induction of nuclear 
OXPHOS gene mRNA" and goes on to report a correlation between oxidative stress and elevated 
mitochondrial damage. 1 So, the Examiner has failed to set forth any cognizable teaching to 
support her position of non-enablement. Thus, the only "evidence" of non-enablement appears 



Of course, a principal advance of the presently claimed invention over Corral-Debrinski et al is that the present claims are directed to 
measuring such damage in tissues other than heart tissues, which would be an impractical screen for the population as a whole. 
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to be facts within the Examiner's own personal knowledge, which facts have not been 
substantiated on this record as required by 37 C.F.R. 1.104(d)(2). 

Further, in Appellant's previous response various pieces of scientific literature were 
presented to rebut the Examiner's statement that the art fails to show a correlation between DNA 
damage and the aforementioned factors. First, Appellants direct the Board's attention to the 
Lenaz article (Biochimica et Biophysica Acta 1366, 1998, pp 53-67; Exhibit 2 of Evidence 
Appendix). In its abstract, Lenaz references the "vicious cycle" established between mtDNA 
damage and altered oxidative phosphorylation and overproduction of reactive oxygen species. 
The article of Hudson et al. {Free Rad. Res., vol 29, pp. 573-579, 1998; Exhibit 3 of Evidence 
Appendix) references the contribution of mtDNA damage to a decrease in mitochondrial 
cytochrome c oxidase (COX) activity, associated with a reduction in COX gene and protein 
expression and a similar decrease in the rate of mitochondrial protein synthesis. See first 
paragraph, page 573. Lastly, attention is directed to the article of Williams et al (Exhibit 4 of 
Evidence Appendix), which demonstrates that "altered mitochondrial function" is correlated with 
increased oxidative damage (by virtue of incorporating 8-hydroxydeoxygunosine into DNA), 
including "oxygen consumption" and "ATP production." See, e.g., title, first full paragraph, 
page 28510 and last paragraph, page 28515. 

Guidance in the Specification - Working Examples 

The Action next concludes that there is insufficient exemplary support to demonstrate 
that the claimed invention is operable with respect to the various alternative "indirect" methods 
for measuring mt DNA damage. We submit that the presence or absence of working examples is 
ordinarily an insufficient basis for finding non-enablement. Ex parte Nardi, 229 USPQ 79 
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(BPAI 1986). This is particularly true where, as here, the question is not whether one of skill can 
appropriately carry out the assay, it is really whether the assay is reasonably predictive of 
mtDNA damage. 

Nevertheless, we disagree that with the Examiner's position that there is no exemplary 
support in the specification. We would, for example, direct the Board's attention to Example 5 
of the specification, pages 35-37 and Figure 3, which demonstrates the use of Northern transcript 
analysis to quantify mitochondrial mtRNA transcript levels (claim 16). These studies are 
discussed in Example 9, at page 44, lines 5-18, and demonstrate a correlation between ND2 and 
cyt b transcript levels with peroxynitrite treatment. Similarly, with respect to protein production 
as a measurement of mt DNA damage (claim 17), the Board is directed to Example 6, pages 37- 
38, which demonstrates an assessment of mitochondrial protein synthesis as a measure of 
oxidative damage, and provides a reference for exemplary analyses. Similarly, Example 7, pages 
38-39, demonstrates assessing oxidative damage by measuring changes is mitochondrial 
oxidative phosphorylation (claim 18) or mitochondrial ATP production (claim 19), and Example 
9, pages 40-48, demonstrate assessing oxidative damage as a function of mitochondrial redox 
state (claim 20). The significance of the foregoing studies as a measurement of oxidative 
damage are explained and discussed in Example 9. 

In an attempt to support a conclusion of non-operability, the Action states at page 4, that 
an mtDNA mutation could lead to a protein production of zero and that this would, according to 
the Examiner, not provide any guidance as to the quantity of DNA damage. 

We would respond to this by observing that the examiner's scientific reasoning, which is 
unsupported by any affidavit or art, is totally unfounded and contrary to what a scientist would 
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expect, which is that the ultimate expression of a particular mt gene would very definitely be 
directly related to the amount of random damage in that particular gene. For example, let's say 
we have a population of 100 mitochondria, each having one gene coding for "X". If 20 of the 
100 mitochondria have mutational "hits" in them, one would very definitely expect there to be 
about a 20% reduced activity of the gene product as compared to a 100 mitochondria control 
with no such mutational hits. The Examiner's scientific reasoning is very definitely faulty in that 
she tries to look at a single gene of a single mitochondria rather than a population of 
mitochondria, which is what is going to be measured in a blood sample! 

Next, the Examiner argues, again without any scientific support or affidavit, that some 
lesions or mutations may occur in non-coding regions and thus would not affect protein 
production. This analysis, while perhaps applicable to a situation where one is looking at a 
single mitochondria, again misses the point for essentially the same reason. Where there is a 
population of mitochodria being tested (which there certainly would be if one were testing a 
blood sample or blood products as stated by the claim), there would necessarily be a vast range 
of mutations occurring in the mitochondria, some within coding regions and some outside of a 
particular coding region. Nevertheless, the distribution would be expected to be random and thus 
demonstrate a readily identifiable correlation between the amount of damage in any one gene, as 
measured by expression of that gene, and the amount of damage overall. The Examiner in fact 
confirms this by correctly stating that the "knockout of mitochondrial enzyme with a single 
mutation could cause dysfunction." That's precisely the point: in any population of 
mitochondria there will be a distribution of gene knockouts by mutation and the level of that 
distribution of knockouts, as reflected by the activity or amount of the particular mt protein or 
mRNA being measured will reflect the degree of DNA damage. If every single mitochondria in 

-9- 



the sample has that particular mt protein or mRNA knocked out - whether that protein or mRNA 
is involved in ATP production or mitochondrial redox state - you darn well know that that 
patient has some real problems with their mitochondria! 

Lastly, responding to the Examiner's allegation that the specification does not teach a 
direct tie between mt gene mutations and the activity of mt gene products, we would state that a 
direct tie between the amount of gene mutational damage and the expression of any given gene, 
mRNA, etc., is, simply put, self evident, and the Examiner has presented no evidence to the 
contrary. 

Quantity of Experimentation 

Turning to the next section of the non-enablement rejection, that dealing with quantity of 
experimentation, the Examiner again fails to come forth with any cognizable evidence and 
merely states, incorrectly, in a conclusory fashion that there "are many other factors which would 
affect each of these quantities which may not be related to the amount of mtDNA damage." 
However, the Examiner notably fails to point to any such "many other factor" in either any 
scientific literature or in an affidavit as required by 37 CFR §1.1 04(d)(2). 

Thus, as explained above, the Action fails to set forth a prima facie case of inoperability 
of the rejected claims. 

B. Section 112, Second Paragraph Rejections 

The Action next rejects claims 6, 8-9 and 14-23, stating that the claims are indefinite in 
that it is said to be unclear whether the final clause of the method is directed to detecting amount 
of DNA damage or mere presence of damage. 
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In attempt to address this question and moot the appeal of this rejection, the Examiner 
was contacted by telephone and asked what amendment the Examiner would like to see to clear 
up any perceived confusion as to the meaning of the claim. However, the Examiner stated that 
the section 112, second paragraph, rejection was intimately tied to the section 112, first 
paragraph rejection, and thus was not amenable to addressing it separate from the section 112, 
first paragraph, rejection. 

Turning to the subject rejection, Appellants submit that the wording of claim 6 is clear - 
it concerns "assessing the amount of mitochondrial DNA damage", wherein the "amount" of 
damage is indicative of oxidative stress. Thus, it is evident that the claims concern assessing an 
amount of damage as evidenced by analyzing the DNA directly or by assessing secondary 
indications of such damage, such as mt RNA production, protein synthesis, etc. 

Appellants submit that the claims are, on their face, and are in no way indefinite. 
Accordingly, the Board is requested to reverse the rejection. 
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CONCLUSION 



Appellants believe that the foregoing remarks fully respond to all outstanding matters for 
this application. Appellants respectfully request that the Board reverse the rejections of all 




David L. Parker 
Reg. No. 32,165 



FULBRIGHT & JAWORSKI L.L.P. Attorney for Applicants 

600 Congress Avenue, Suite 2400 

Austin, Texas 78701 

(512) 474-5201 

(512) 536-4598 (facsimile) 

Date: May 5, 2006 
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VIII. CLAIMS APPENDIX 

1.-5. (Canceled) 

6. (Previously presented) A method of measuring the amount of oxidative stress in a human 
individual, comprising the steps of: 

(a) collecting a blood sample from said individual; 

(b) assessing the amount of mitochondrial DNA damage in cells from said sample 
wherein such amount of damage is indicative of oxidative stress in said 
individual. 

7. (Canceled) 

8. (Previously presented) The method of claim 14, wherein said mitochondrial DNA 
damage is assessed by quantitative PCR. 

9. (Previously presented) The method of claim 6, wherein increased amounts of oxidative 
stress are predictive of atherogenesis, hypertension, diabetes mellitis, hypercholesterolemia, 
degenerative diseases of aging or cancer. 

10. -13. (Canceled) 

14. (Previously presented) The method of claim 6, wherein said mitochondrial DNA damage 
is assessed by measuring the amount of DNA damage per length of mitochondrial DNA. 

15. (Previously presented) The method of claim 14, wherein the DNA damage comprises 
one or more deletions, insertions or duplications. 
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16. (Previously presented) The method of claim 6, wherein said mitochondrial DNA damage 
is assessed by measuring mitochondrial mRNA production. 

17. (Previously presented) The method of claim 6, wherein said mitochondrial DNA damage 
is assessed by measuring mitochondrial protein production. 

18. (Previously presented) The method of claim 6, wherein said mitochondrial DNA damage 
is assessed by measuring changes in mitochondrial oxidative phosphorylation. 

19. (Previously presented) The method of claim 6, wherein said mitochondrial DNA damage 
is assessed by measuring changes in mitochondrial ATP production. 

20. (Previously presented) The method of claim 6, wherein said mitochondrial DNA 
damage is assessed by measuring changes in mitochondrial redox state. 

21. (Previously presented) The method of claim 14, further comprising determining the 
amount of DNA damage in a nuclear gene in said tissue of interest; and comparing the amount of 
DNA damage per length of DNA between said mitochondrial DNA and said nuclear gene, 
wherein a greater amount of mitochondrial DNA damage per length of DNA than nuclear DNA 
damage per length of DNA is indicative of an increased amount of oxidative stress in said 
individual. 

22. (Previously presented) The method of claim 8, wherein said DNA is treated with FAPY 
glycosylase prior to said PCR amplification for detection of 8-oxo-G-lesion. 

23. (Previously presented) The method of claim 6, wherein cells of the sample are further 
defined as white cells. 
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IX. EVIDENCE APPENDIX 

Exhibit 1 — Corral-Debrinski et al article; made of record by the Examiner in the Office Action 
dated February 15, 2005, at page 4; 

Exhibit 2 - Lenaz article; made of record by Appellants in their Amendment and Response dated 
January 20, 2006 at page 4; 

Exhibit 3 - Hudson et al article; made or record by Appellants in their Amendment and 
Response dated January 20, 2006 at page 4; and 

Exhibit 4 -- Williams et al article; made of record by Appellants in their Amendment and 
Response dated January 20, 2006 at page 5 (also submitted as reference C48; PTO 1449; 
July 1,2005) 
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Association of mitochondrial DNA damage with aging and coronary 
atherosclerotic heart disease 

M. Corral-Debrinski, J.M. Shoffner. M.T. Lott and D.C. Wallace 

Depanmen, o, Gtnrnc, and UoUcutor Medicine. £ mory Unices School of Medicine. A,lan,a. C,A JOJJJ. CU 

(Received 15 April 1992) 
(Accepted 22 May 1992) 
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Recently a number of age-related neuromuscu- 
lar degenerative diseases have been associated 
with mutations in the mtDNA. Moreover, oxida- 
tive phosphorylation (OXPHOS) has been ob- 
served to decline with age and has been associ- 
ated with the accumulation of mtDNA mutations 
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m somatic tissues. These observations suggest 
that somatic mtDNA mutations mav be an impor- 
tant component of aging and the progression of 
neuromuscular diseases. 

The mitochondria generate most of the cellu- 
lar ATP by the process of OXPHOS. OXPHOS 
includes five enzyme complexes (I-V) Com 
plexes MV encompass the electron transport 
cham which oxidizes NADH with oxvgen and 
uses the energy to pump protons across *the mito- 
chondrial inner membrane. Complex V (ATP 
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synthase) exploits this electrochemical gradient as 
a source of energy to produce ATP. Each or" 
these complexes is composed of multiple poly- 
peptides. 13 encoded by the mtDNA and approx- 
imately 60 polypeptides encoded bv the nuclear 
DNA (nDNA). 

Hereditary diseases of OXPHOS can result 
from mutations in either the nDNA or mtDNA 
OXPHOS genes. The mtDNA has its own inde- 
pendent replication, transcription and translation 
systems, and the genetic complexity of OXPHOS 
diseases can be understood through the unique 
features of mtDNA genetics. Each cell contains 
hundreds of mitochondria and thousands of mt- 
DNAs (Johnson et al.. 1980; Shmookler Reis et 
al.. 1983). The mtDNA is maternallv inherited 
(Case and Wallace. I9S1: Giles et al., 1980) and 
mutations accumulate 10-20 times faster in the 
mtDNA than in comparable nuclear genes 
(Neckelman et al.. 1989; Wallace et al.. 1*987). 
When a cell acquires a mtDNA mutation, this 
creates a mixed intracellular population of mu- 
tant and wild-type molecules known as hetero- 
plasmy. As a heteroplasmic cell undergoes mi- 
totic or meiotic replication, segregation of 
mtDNA occurs giving rise to homoplasmic cells 
(pure mutant or wild-type). Different organs and 
tissues rely on mitochondrial ATP production to 
different extents. Thus, the number of organs 
affected and the extent of their clinical manifes- 
tations can vary in a family based on the quantity 
of mutant mtDNA inherited (Shoffner and Wal- 
lace, 1991). 

A broad spectrum of hereditary neurological 
and neuromuscular diseases have been ascribed 
to OXPHOS gene mutations. Nuclear mutations 
have been demonstrated to cause specific cases of 
infantile mitochondrial myopathy and Leigh's en- 
cephalomyopathy (Zheng et al., 1989; Miranda et 
al., 1989). mtDNA point mutations have been 
shown to cause Leber's hereditary optic neuropa- 
thy (LHON) (Wallace et al., 1988; Brown et al., 
1992), myoclonic epilepsy and ragged-red muscle 
fibers (MERRF) (Shoffner et al., 1990), neuro- 
genic muscle weakness, ataxia and retinitis pig- 
mentosa (NARP) (Holt et al., 1990), and mito- 
chondrial encephalomyopathy, lactic acidosis and 
stroke-like episodes (MELAS) (Goto et a!., 1990). 
Mitochondrial deletions and duplications have 



been shown to cause the chronic progressive ex- 
ternal ophthalmoplegia (CPEO). Kearns-Sayre 
(KS) and Pearson's syndromes (Holt et al 199cj- 
Rotig et al.. 1989; Shoffner et al.. 1989: Poulton 
et al.. 1989). mtDNA diseases encompass a wide 
spectmm of clinical manifestations including pro- 
gressive dementia, myoclonus, and movement dis- 
orders. However, virtually ail share the common 
feature that the patients are born normal and 
acquire symptoms as they age. Hence. mtDNA 
diseases, like aging itself, have the unique charac- 
teristic of a late onset and progressive course. 

It has been proposed that the major cause of 
aging is the accumulation of mtDNA mutations 
in somatic cells (Linnane et al., 1989). Human 
oxidative work capacity, as monitored bv the 
anaerobic threshold in exercise stress tests, de- 
clines about \% per year (Astrand et al., 1973). 
Respiratory complexes I. Ill and IV all decline 
with age in skeletal muscle (Trounce et al. 1989) 
and in liver (Yen et al., 1989). This age-related 
decline in OXPHOS has been associated with a 
progressive accumulation of deleted mtDNAs 
(Cortopassi and Amheim, 1990; Ozawa et ai 
1990: Hattori et al., 1991; Corral- Deb rinski et al.,' 
1991). This suggests that the accumulation of 
somatic mutations in the mtDNA may be a key 
factor in aging and the progression of mitochon- 
drial diseases. 

One agent which is thought to cause the age- 
related accumulation of mtDNA damage is oxy- 
gen free radicals. The respiratory chain is the 
source of a steady flux of oxygen radicals, includ- 
ing superoxide (Of) (Chance et al., 1979). Super- 
oxide is removed from the mitochondria by the 
manganese superoxide dismutase, but this reac- 
tion produces H 2 0 2 which accumulates in the 
mitochondria. The H 2 0 2 can react with superox- 
ide to generate hydroxy! radicals (OH ) which are 
extremely reactive. Free radicals cause lipid per- 
oxidation, and protein and nucleic acid oxidation 
resulting in widespread cellular injury (Lippman, 
1983; Gutteridge et al., 1985; Miquel et al., 1989). 
The close proximity of the mtDNA to these reac- 
tive molecules in the inner mitochondrial mem- 
brane and the deficiency in mtDNA repair sys- 
tems (Fukanaga and Yielding, 1979) result in 
preferential oxidative damage to the mtDNA. For 
example, in rat liver the mtDNA accumulates 
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16-fold higher levels of the DNA oxidation prod- 
uct 8-hydroxydeoxyguanosine than does the 
nDNA (Ritcher et al., 1988). 

These observations suggest a general hypothe- 
sis for aging and the progression of degenerative 
diseases. Oxidative damage to OXPHOS and 
mtDNA accumulates with age. This reduces mi- 
tochondrial energetic capacity, further stimulat- 
ing oxygen radical production. The resulting 
mtDNA damage inhibits mitochondrial biogene- 
sis and increases replication errors and mtDNA 
deletions. Ultimately, sufficient mitochondrial en- 
zyme and DNA damage accumulates, such that 
the ATP-generating capacity of the cells falls 
below the minimum energetic thresholds for the 
cells to function, resulting in failure. The time at 
which an individual's organs cross these expres- 
sion thresholds depends on three factors: (1) the 
level of OXPHOS capacity at birth as determined 
by the individual's genotype, (2) environmental 
insults which can inhibit OXPHOS and (3) the 
accumulation of mitochondrial and mtDNA dam- 
age (Fig. 1). 

Coronary atherosclerotic heart disease 
(CAHD) provides an ideal system for studying 
the role of oxygen radicals on aging and ischemia. 



One of the main causes of cardiac ischemia is 
coronary artery stenosis due to atherosclerosis. 
The resulting episodic ischemia and reperfusion 
is associated with the generation of free radicals 
which damage the myocardial tissue. During isch- 
emia the electron transport chain is inhibited, 
diminishing adenine nucleotide pools and in- 
creasing the electronegativity of the electron car- 
riers. This favors the transfer of electrons to 
molecular oxygen. Concurrently, oxygen detoxifi- 
cation systems decline. During ischemia in the 
rabbit, there is a decrease in reduced glutathione 
and a 50% loss of heart mitochondrial superoxide 
dismutase (Ferrari et al., 1985). Similar observa- 
tions have been reported in human skeletal mus- 
cle during shock (Corbucci et al.. 1985). Conse- 
quently, ischemia/ reperfusion leads to an in- 
crease in radical production and a decrease in 
radical-scavenging capability, resulting in in- 
creased mitochondrial. mtDNA and cellular dam- 
age and generalized tissue injury and necrosis 
(McCord, 1988). 

We have examined this hypothesis by analyz- 
ing the levels of the common 4977 nucleotide pair 
(np) mtDNA deletion (mtDNA Jt,7T ). and the tran- 
script levels of nDNA and mtDNA OXPHOS 
genes in normal and coronary atherosclerotic 
hearts of various ages. This revealed that mtDNA 
damage accumulates with age in normal hearts, 
but is dramatically increased in CAHD. More- 
over, the increased cardiac mtDNA damage is 
associated with a compensatory induction of OX- 
PHOS gene expression, particularly the heart- 
skeletal isoform of the adenine nucleotide 
translocator (ANT1) (Conral-Debrinski et al., 
1991), the protein which exchanges AD P/ ATP 
across the mitochondrial inner membrane (Li et 
al., 1989). We now extend these observations by 
demonstrating that coronary atherosclerotic 
hearts as well as aging hearts accumulate multi- 
ple kinds of mtDNA deletions suggesting that a 
high proportion of mtDNA could be defective in 
these cells. Further, we report that mtDNA dam- 
age accumulates preferentially in the more oxida- 
tive areas of the hearts. These results provide 
additional support for the hypothesis that in the 
heart, aging and degenerative diseases are associ- 
ated with increased mtDNA and mitochondrial 
damage. 
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Methods 

Tissue procurement 

Cardiac tissue was procured from excess 
pathological tissue collected at Emory Hospital 
(Atlanta. GA) and from the Cooperative Human 
Tissue Network (Birmingham. AJL). AJI autopsy 
cardiac tissue was obtained within 8 h after death 
and subjected to detailed pathological analysis. 

DNA preparation 

Cardiac muscle total DNA was prepared by 
sodium dodecyl sulfate -proteinase K digestion at 
55°C and organic extraction (Sambrook et aL, 
1989). 

PCR quantitation of mtDNA deletions 

To estimate mtDNA damage, heart DNAs 
were serially diluted and each dilution tested 



using the polymerase chain reaction (PCR) for 
the presence of total and deleted mtDNA 
molecules- The percentage of deletions was calcu- 
lated by dividing the dilution at which the deleted 
mtDNAs were lost by the dilution at which all 
mtDNAs were lost. The percentage of mtDNAs 
harboring the mtDNA 4977 deletion (np $469- 
13,447) (Shoffner et aL, 1989), the mtDNA 7436 
deletion (np 8637-16.084) (Ozawa et ah. 1990) 
and the mtDNA 10 - 4 " deletion (np 4399-14,821) 
(Ballinger et aL, 1992) were determined by PCR 
amplification across each deletion breakpoint. 
The mtDNA 4977 deletion was amplified using 
primers positioned at np 82,828-8305 and 
13,851-13.832 (593 bp product), the mtDNA 7436 
deletion was amplified using primers positioned 
at np 8150-8166 and 16,159-16,142 (575 bp prod- 
uct), and the mtDNA 10422 deletion was amplified 



TABLE 1 

CONTROL HEART CHARACTERISTICS 



Case 



Agc/Scx 



Cardiac pathology 



mtDNA"" 77 deletion (%) 



1 30/M Left ventricular hypertrophy weight 490 g. 0.00001 

Died of massive pulmonary hemorrhage 
secondary to Godpasture's syndrome 

2 39/M Heart weight 370 g with epicardial hemorrhage 0.00022 

3 63/F Heart weight 650 g. Diffuse fibrosis in the heart 0.00053 

overall shown to be edema and atrophy 

4 64 /F No evidence of myocardial ischemic damage or of 0.006 

atherosclerotic disease of coronary arteries. 
Hypertension caused heart failure and mitraJ regurgitation 

5 . M 64 /M Cardiac hypertrophy, right and left ventricles, 0.007 

weight 580 g. No evidence of myocyte 
necrosis, scattered lymphocytes 

6 65 /M Atrial fibrillation, acute hemorrhagic 0.0035 

infarction (3 days duration), myocardial hypertrophy, 
lipofuscin pigmentation and hypertensioo 

7 68/F Hypertrophy and hypertension, left ventricle dilation. 0.0045 

Degree of atherosclerosis extremely minimal 

8 74 /F Myocytes with hypertrophy, accumulation of neutrophils 0.0045 

9 75/M Heart weight 470 g, right ventricular dilation. 0.0035 

left ventricular hypertrophy and interstitial 
fibrosis; lipofuscin pigmentation 

10 81 /F Hypertrophy biventricular, heart dilation, weight 610 g. 0.0054 

Fibrosis posterior left ventricle, hypertension 



All the tissues analyzed were from autopsy hearts. 
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using primers ■ positioned at 4308-4325 and 
15.226-15,207 (496 bp product). The combined 
mtDNAs in each preparation were detected by 
PCR amplification within the rarety deleted re- 
eion of the ND1 and 16S rRNA genes between 
positions np 3108-3127 and 3717-3701 (609 bp 
product). 

Prior to amplification the sample DNA was 
digested with Pstl (np 6910 and 9020) and 
Hindlll (np 6203, 11.680, and 12,567) which cut 
normal mtDNAs 3-5 times within the deleted 
regions. This avoided the amplification of wild- 
type products during the PCR reaction. 

Polymerase chain reactions were performed as 
previously described (Shoffner et al., 1989) except 
that the first cycle had a 2-min denaturation 
(94°C), which was reduced to 30 s in the subse- 
quent 34 cycles. Annealing was performed at 
56°C for mtDNA 4977 deletion, or at 51°C for total 
mtDNA, or the mtDNA 743 * and mtDNA 10 " 422 
deletions. Serial dilutions of 2 jig of Pstl and 
Hindlll digested DNA were performed to yield 
concentrations of 300 ng to 2.3 ng for the deleted 
mtDNA test and of 800 pg to 0.2 pg for the total 
mtDNA test. 90 /i I of each PCR reaction was 
electrophoresed on 1.2% SeaKem agarose Tris- 



acetate-ethylenediaminetetraacetic acid (pH 7.6) 
gel containing 0.5 Mg/ml ethidium bromide, and 
the DNA products were photographed under UV 
transillumination and analyzed by laser densitom- 
etry (Shoffner et al., 1990). The decline in PCR 
products for each dilution series was fitted to a 
sigmoid curve and the percentage of mtDNA 
deletions was calculated by the ratio of the DNA 
dilutions which reduced the PCR product optical 
densities of the deletion curve and the total 
mtDNA curve to the same levels (Corral-Debrin- 
ski et al., 1991). 

To confirm each diagnostic PCR product, the 
fragments were digested with restriction endonu- 
cleases recognizing-sites on each side of the 
breakpoint. The mtDNA 4977 deletion product was ' 
digested with Hindi (np 13,664) or Ddel (np 
8309 and 13,554), the mtDNA 7436 deletion prod- 
uct was digested with Rsal (np 16,096) or Xbal 
(np 8286) and the mtDNA l(W2: deletion product 
was digested wfth/Xhol (np 14,954) or Ddel (np 
4356, 15,073 and 15,166). 

A standard curve for the mtDNA 4977 deletion 
was prepared using known mixtures of normal 
mtDNA and deleted mtDNAs (Corral-Debrinski 
et a I., 1991). We have not prepared standard 



TABLE 2 

ATHEROSCLEROTIC HEART DISEASE CHARACTERISTICS 



Case 


Age/Sex 


Cardiac pathology 


miDNA 4V77 deletion (%) 


1 


42/M 


Severe atherosclerosis of coronary arteries, 
Cx 75%. LAD 75%, recent myocardial 
infarction, left ventricular hypertrophy 


0.008 


2 


46/F 


Congestive heart failure with cardiomegaly, 
wide range of ischemic changes, severe CAHD. 
old anterior infarction of endomyocardium 


0.042 


3 


66/F 


Severe CAHD, RCA over 85%, LAD 95%. 
Cx 95%, cardiomegaly and myocardial fibrosis 


0.033 


4 


66/M 


CAHD since 1983, graft to LAD and distal LC graft 
to distal RC 100% occluded. Native LC. LAD 
and RC al least 90% occluded, myocardium 
with chronic fibrosis 


0.08 


5 


69/M 


Severe CAHD, RCA over 95%, LAD 90%. Cx 70%. 
distal left main artery 40%, acute myocardial 
infarction and prolonged ischemia, 
occlusion- rc perfusion injury 


0.22 



Tissue was procured from autopsy hearts. LAD, left anterior descending artery; Cx, circumflex artery; RCA, right coronary anery. 
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cuives for the mtDNA 74 * and mtDNA 1 "- 4 " dele- 
tions. Hence, the reported levels are relative lev- 
els rather than absolute values. 

ANTI transcript analysis 

Northern blots of OXPHOS gene transcripts 
were prepared using total cellular RNA (Torroni 
et aL 1990), and hybridized with an ANTI cDNA 
probe (Neckelman et aL 1987). Relative ANTI 
mRNA levels were estimated by laser densitome- 
try scanning of autoradiographs. and normaliza- 
tion to rRNA levels determined by laser densito- 
metric analysis of the ethidium bromide-stained 
28S and 18S rRNA bands on the nylon filters. 

Results 

Vie mtDNA 4977 deletion accumulates in older nor- 
mal hearts and in CAHD 

Ten pathological normal hearts, with no sign 
of cardiovascular disease, were obtained from 
subjects between ages 30 and 81 years (Table 1). 
Hearts from the 30 and 39 year old subjects had 
very low levels of the mtDNA 4977 deletion: 
O.OOOI^r and 0,00022% respectively. Individuals 
older than 60 years had values ranging from 
0.00053% to 0.007% of the total mtDNA, con- 
firming that mtDNA damage increased with age. 

Quantitation of the mtDNA 4977 deletion in four 
chronic CAHD hearts (Table 2) revealed a 7- 
220-foId increase in the level of mtDNA damage 
relative to age-matched controls with values rang- 
ing from 0.033% to 0.22%. One patient died of 
acute myocardial infarction at 42 years of age. 
His heart contained 0,008% deletion, 42 times 
that of aged-matched controls. 

Fig. 2 summarizes the results obtained for all 
the cases examined, including those previously 
reported (Corral-Debrinski et aL, 1991). Two im- 
portant conclusions can be drawn. First, in clini- 
cally normal hearts the mtDNA 4 " 77 deletion accu- 
mulates with age in individuals older than 30 
years. Second, hearts experiencing chronic isch- 
emia due to coronary artery disease accumulate 
much higher levels of the mtDNA 4 " 77 deletion 
than age-matched controls. 

Multiple mtDNA deletions accumulate in normal 
older hearts and CAHD 

To determine if other mtDNA mutations also 



accumulate in CAHD, we tested for the presence 
ot two other mtDNA deletions. mtDNA 74 * and 
mtDNA 111422 . Two patients with severe athero- 
sclerosis were examined: a 49 year old patient 
who harbored 0.33% of the mtDNA 4977 deletion, 
and a 56 year old patient who had 0 17% 
(Corrai-Debrinski et aL, 199*1). The heart of the 
56 year old patient contained about 0.15% of the 
mtDNA 4 ,6 ^ deletion and about 0.1% of the 
mtDNA' 042 - deletion, levels in the same ranae as 
the mtDNA 4977 deletion (Fig. 3A), and extremely 
high compared to normal hearts (Fig. 3B). The 
heart from the 49 year old patient was found to 
harbor about 0.25% of the mtDNA 7436 deletion 
and 0.15% of the mtDNA 10 - 422 deletion, aeain 
comparable to the mtDNA 4977 deletion (data not 
shown). The sum of the three types of mtDNA 
deletions was 0,78% for the 49 year old heart and 
0.42% for the 56 year old heart. This confirms 
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Fig. 2. The mtDNA' 4977 deletion vs. age for control hearts 
(bottom, open circles) and chronic coronary atherosclerotic 
hearts (top. closed circles). 
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that hearts with coronary artery disease contain a 
heterogeneous population of deleted mtDNA 
molecules. 

To determine if pathologically normal hearts 
accumulate a similar array of mtDNA mutations, 
we tested for the three types of mtDNA deletions 
in hearts from normal individuals between 18 and 
81 years of age (Fig. 3B). Hearts from individuals 
younger than 40 years (A. B, D and E) did not 
have detectable deletions, while hearts from indi- 
viduals older than 40 years (C, F, G and H) had 
all three types of deletions. Thus, all three dele- 
tions accumulated in normal hearts with age as 
well. 



A. Multiple deletions in 

DNA dilution, ng 




Total ml DNA mlDNA 74 ^ 6 mtDNA 4977 ratONA lW22 
amplification amplification amplification amplification 

% of mtDNA 

deletion 0.15 % 0.17 % 0.1 % 



In CAHD the left heart accumulates more mtDNA 
damage than the right heart 

To determine if different regions of coronary 
atherosclerotic hearts accumulated mtDNA dam- 
age to different extents, we compared pairs of 
regions from various CAHD hearts. First, we 
compared the left ventricle and left atrium of 
patient 1 (Table 2). Here, the left ventricle accu- 
mulated 27 times (0.008%) more deletion than 
the left atrium (0.0003%) (Fig. 4A). Next, we 
compared the left and right ventricles of patient 4 
(Table 2). The left ventricle accumulated 50 times 
more deletion (0.08%) that the right ventricle 
(0.0015%) (Fig. 4B). Finally, we compared the 
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Fig. 3. (A) Left, PCR quantitation of mtDNA 4V77 , mtDNA 7436 , and mtDNA 10422 deletions in a 56 year old patient with severe 
coronary artery disease. Right, densitometry analysis of each PCR test. (B) Detection of the three types of deletions in 
non-atherosclerotic hearts of different ages. 300 pg of DNA was tested for the presence of all the mtDNA molecules (total mtDNA 
PCR test: lane 1) and 300 ng of DNA was tested for deletions: mtDNA 7436 lane 2, mtDNA 4V " lane 3 and mtDNA 10,422 lane 4. 
Samples are arranged as follows: A, 18 years old (case 4, Table 1, Corral- Debrinski et aL, 1991); B, 30 years old (case 1, Table 1); C, 
44. years old (case 8, Table 1, Corral-Debrinski et aL 1991); D. 39 years old (case 2, Table I); E 35 years old (case 7, Table I, 
Corral-Dcbrinski et aL, 1991); F, 63 years old (casa 3. Table 1); G, 74 years old (case 8. Table I); H. 81 years old (case 10, Table 1). 
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left and right atrium from a 58 year old patient 
(Table 2. case .\ Corral-Debrinski et al.. 1991). 
The left atrium had 46 times more deletion 
(0.16%) than the right atrium (0.0035^) (Fig. 
4C). These results demonstrate that mtDNA 
damage accumulates to different extents in differ- 
ent regions of the same organ. Therefore, it ap- 
pears that mtDNA damage preferentially accu- 
mulates in the left heart over the right heart. 

ANT I transcript levels are elevated in CAHD and 
in left ventricle versus right ventricle 

Previously, we observed that CAHD hearts 
accumulated high levels of nuclear and mitochon- 
drial OXPHOS gene transcripts (Corral-Debrin- 
ski et al.. 1991). This may be a compensatory 
response to mtDNA dysfunction and reduced 
ATP level. To determine if this phenomenon is 
also regional, we compared the ANT1 mRNA 
levels in the left and right ventricles of normal 
and CAHD hearts (Fig. 5). 

Consistent with our previous study, the ANT I 
mRNA levels in the left ventricle of CAHD hearts 
(cases 2, 3 and 4. Table 2: lanes 4, 5 and 1 of Fig. 
5) was about 3.5-fold higher than a normaJ heart 
(case 2, Table 1: lane 3 of Fig. 5). Moreover, 
comparison of the left ventricle to the right ven- 
tricle of a CAHD heart (case 4, Table 2) revealed 
a 4-fold higher ANT I mRNA level in the left 
ventricle (lanes I versus 2 in Fig. 5). Thus, like 
mtDNA damage, OXPHOS gene expression in- 
creases in CAHD and the induction is more 
apparent in the left ventricle. 

Discussion 

Accumulation of mtDNA damage during aging 

Aging is a complex biological process associ- 
ated with the age-related decline in stable organs 
such as brain, heart, muscle, kidney and liver. 
This has been associated with the progressive 
decline of OXPHOS enzymes in human skeletal 
muscle (Trounce et aL, 1989) and liver (Yen et 
al., 1990), and the accumulation of mtDNA rear- 
rangements in aging rodents (Piko ct al., 1988). 
The accumulation of mtDNA damage with age 
has been proposed to be the cause of OXPHOS 
decline (Linnane et al., 1989), and it is thought to 
be mediated through oxygen radical damage 
(Miquel, 1986, 1991; Harman, 1983, 1986). 



mtDNA damage has been shown to accumu- 
late in human heart and brain tissues (Cortopassi 
and Arnheim. 1990; Hattori et al.. 1991: Corral- 
Debrinski et al.. 1991). In heart, the damage first 
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B. 



sags <o a-5 

SoSiii iSsS&sa si sill gsgjba 




Total mtDNA mtDNA*" 7 Total mtDNA mtDNA* 977 
Right Ventricle : 0.0015 % Left Ventride : 0.08 % 



22IHH SS^T-n 




Total mtDNA 



Right Atrium : 0.0035 % Ufl Atrium : 0.16 % 
Fig. 4. Comparison of the amount of the mtDNA 4977 deletion 
in different regions of CAHD hearts. Total mtDNA: total 
mtDNA PCR test: mtDNA 4 " 77 : mtDNA 4 ** 77 deletion PGR 
test: values for the mtDNA 4 " 77 deletion in the different re- 
gions analyzed are expressed in percentage. (A) 42 year old 
patient with acute ischemia (case I, Table 2); left atrium and 
left ventricle analyzed. (B) 69 year old patient with severe 
atherosclerosis (case 4, Tabic 2). right and left ventricles 
analyzed. (C) 58 year old patient with severe atherosclerosis; 
right and left atrium analyzed (case 3, Table 2, CoiTal-Debrin- 
stci ct al., 1991). 
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Fig. 5. ANTI mRNA levels in CAHD hearts. (A) Negative of the elhidium bromide stained gel (see Methods). Lane I, left ventricle 
from cardiovascular patient (case 4, Table 2); lane 2, right ventricle of the same pabenc lane 3, control heart I (Table 1); lane 4, 
coronary atherosclerotic heart 2 (Table 2); lane 5. coronary atherosclerotic heart 5 (Table 2). (B) Northern blot autoradiograph 
hybridized with the ANTI nuclear OXPHOS probe, on the left the apparent transcript molecular weight. (C) Quantitation of 
ANTI mRNA levels. The values were determined by quantitative scanning laser densitometry of the filters before hybridization 
and the autoradio graphs. Data are expressed in arbitrary units normalized by the relative intensity of the IS S rRNA bands. UV„ 

left ventricle; R.V.. right ventricle. 



becomes apparent after age 35 (Cortopassi and 
Arnheim, 1990; Corral-Debrinski et al., 1991). 
mtDNA deletions accumulated along with mild 
age-associated physiological and structural 
changes of the heart (Fleg, 1986; Lakatta, 1987). 
This has been confirmed in the current study in 
which the mtDNA 4977 deletion first appeared at 
age 39 and increased thereafter to a maximum of 
0.007%. Moreover, aging hearts accumulate other 
forms of mtDNA damage as well, including the 
mtDNA 7436 and mtDNA 10 - 422 deletions, all of 
which appear about age 40. The accumulation of 
the mtDNA 10,422 deletion is particularly signifi- 
cant since it lacks the light strand origin of repli- 
cation and does not appear to have a replicative 
advantage in stable tissues (Ballinger et al., 1992). 
Therefore, the accumulation of these deletions 
must reflect random mutational events, rather 
than the progressive enrichment of a few deleted 
molecules, as occurs in CPEO and FCS syndromes 
(Larsson et al., 1990). 



The accumulation of mtDNA damage is acceler- 
ated in coronary artery heart disease 

Atherosclerotic occlusion of the coronary ar- 
teries impedes the flow of nutrients and oxygen 
to the cardiac mitochondria. Reperfusion with 
oxygen rich blood creates oxygen radicals (Gran- 
ger et al., 1981) and dramatically increases tissue 
damage (Guarnieri et al., 1980). The resulting 
chronic deprivation of the heart of mitochondrial 
energy ultimately can lead to cardiac overload 
and failure (Katz, 1989, 1990). 

Consistent with this concept, both our previous 
study (Corral-Debrinski et al, 1991) and the cur- 
rent work have shown that CAHD is associated 
with dramatically elevated mtDNA damage and 
the concomitant induction of OXPHOS gene 
transcripts. While the mtDNA 4977 deletion rose to 
a maximum of 0.007% in normal hearts it in- 
creased to between 0.02% and 0.85% in CAHD. 
Moreover, a heart which failed because of acute 
myocardial infarction contained less deleted 
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mtDNA than chronically CAHD but showed a 
42-fold increase relative to age-matched controls. 
Thus ischemia/ reperfusion causes mtDNA dam- 
age but prolonged ischemia/ reperfusion is re- 
quired to accumulate extensive damage. 

The generalized nature of the mtDNA damage 
was confirmed by showing that the mtDNA 74 - 1 ' 1 
and mtDNA" , J:: deletions"accumulated in paral- 
lel wih the mtDNA jg77 deletion. This suggests 
that hearts with coronary atherosclerotic disease 
harbor a broad spectrum of deleted mtDNAs. 

Regional accumulation of damage 

Since the left heart has a higher work load and 
energy requirement than the right heart, ischemia 
would be expected to produce a greater energy 
depletion and oxygen radical generation in that 
region. Consistent with that hypothesis, the left 
ventricle of CAHD hearts was found to' accumu- 
late 50-fold more mtDNA damage than the right 
ventricle and 27-fold more damage than the left 
atrium. Moreover. ANT I mRNA was induced 
4-fold more in the left ventricle of a CADH heart 
than the right ventricle. These observations sup- 
port the hypothesis that increased energy de- 
mands (cardiac work load) and free radical pro- 
duction are important in the accumulation of 
mitochondrial damage. 

Thus mtDNA damage does increase with age 
in stable tissue, suggesting that mtDNA damage 
may be an underlying cause for organ failure in 
aging. Further, energetic overload increases the 
rate at which the damage accumulates, but the 
overload can only partially be offset by induction 
of OXPHOS gene expression. These phenomena 
could explain why patients with inherited defects 
«n OXPHOS have late onset of symptoms and a 
progressive clinical course. 
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Abstract 

Mi tochohdria are.: deeply. involved in the production of reactive. oxygen species through one-electron carriers in. the 
respiratory chain; ' mitochondrial structures are also very susceptible to" oxidative, stress, as evidenced by massive information 
on; lipid perpxidation^ protein oxidation, and mitochondrial DNA (mtDNA) rdutatipns. Oxidative stress canjnduce 
apoptb tic death, and^rrntbchondria have a central role" in this and other types ' of apoptosis s since cytochrome c release in the 
' eytppiasm;and opening of tl^pernieability txansition pore are-important events in the apoptotiic cascade. The discovery: that 
: . mtDNA- mil tatioris. are at the ; basis of a| number of ^ human pathologies; has profound implications : maternal inheritance of 
. : mtE)NA is ithe basis of hereditary mitochondrial eytppathies; accumulation of sbmatie mutations of; mtDNA vyith age'has 
. represented . i the; balsis of the; mtochondriai theory of ; ageing, by which .a. vicious circle isvestabHshed of mtDNA damage, 
altered o&cfatrveph^^^ and overproduction = of reactive oxygen species; Expei^ental je vidence of respiratory chain 

#ef&&ra§4 •• ;Qrja.c€wulation/bf [multiple- -mtDNA deletions, with ageihgiis in accoMance with 5 the rmitpehondrial theory, 
altiipu^;s0m^ €>:1998 Elsevier Science B Y. All 

. : ri^^'^es'e"r^ed.; : - -\' 

keywords: Mitochondrion; Oxidative stress; MitocHon^aJ DN 



impetus by disco veries : of cell biology ; and pathology'. 
Two major developments opened breakthroughs /in 
mitochondrial pathology: fi mi- 
toGhohdnal DNA (mtDNA): mutations are at the 
basis of diseases [1], and second, the unexpected- 
role of mitochondria in the mechanisiris of cell death 
[2]: A commoh denominator : of the 
role; of reactive ; oxygen species (ROS). T3iis article 
attempts ; fp provide a rationale for ! the role of oxida- 
tive stress by Rt)S oh; different aspects of pathology 
where ntitoeh/dndria seejrii to have a major role. 
There islalmost ho area^of human: -pathology where 
oxidative stress;- has not | been implicjated ; [3,4]; this 
review, ttoefcr,e, will^:besr;esindte<j tb few selected 

. ... -._-,. r _, ,o--.--r- . topjes and. \yill be centered oil the^ole of trutbchbn- 

. *iEaxV*3^ dria in ageihg. 

0005-2728 / 93 7 $1 9:00 © .1 998 Elsevier: Science B.V. AU rights reserved. 
PU : : S 6 0 6 5.-2 7 2 8 ( 9 8)0012 0-0 



1. Introduction 

. After the eiucidation of the major aspects of en- 
ergy coiisei^^tiori in • oxidative phosphorylation, ; the 
declined interest iri : rnitochondna : received :a novel 



Abbreviations;. CbQ,, coenzyme Q with w. isoprehoid units; 
LHON, tuber's. [hereditary optic : neuropathy; MEEAS, mito : : 
bhondrial : -eii^p)^jbmyop'auiy;'m&: lactic acidosis and , stroke: 
likej episodes ;( NIERRF, myoclonal : epilerisy with ragged-red fi- 
bers; mtDNA, mitochondrial DNA ; NARP, neurogenic muscle 
weakness, ataxia; and retinitis pigmentosa ;. NMD A, W-methyl-r> . 
aspartate; PC&l polymerase .cham reac^pn; PEQ; paralysis -of the 
ejctraocular nruscles : ; ROS: i -reactive ox vf?eri smeniKi 
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2. Mitochondria as so 

Reactive oxygen species [5,6] include oxygen free 
radicals (the superoxide radical knion, as the primary 
product of one-electron dioxygen reduction [7,8], and 
the extremely aggressive hydroxyl radical deriving 
from; subsequent chemical reactions [9]), singlet oxy- 
gen and strong non-radical oxidants such as hydro- 
gen peroxide; fur therinore nitric oxide and the de^ 
rived peroxyni trite radical [10] can be included in this 
category. . 

Sources of ROS in living cells are represented by 
physiological enzymatic mechanisms [11]; oxidative 
stress [1 1] may ensue when ROS production is exces- 
sive, due either to a particular metabolic situation, or 
to the presented of xenobiotic compounds [1 2], or also 
to diamage-mediated liberation of non-enzymatic cat- 
alysts such as ; free metals [13 ,14], or when the cellular , 
defences: are lowered by the depletion of physiolog- 
ic&l antioxidants. 

, Among: the cellular sources of ROS, besides spe-? 
cific enzyme systems involved in phagocytosis [8], 
eicosarioid: metabolism [15] and nitric oxide produc- 
tion [16], : are cytoplasmic systems such as xanthine 
oxidase [4]; thdt can be; formed from xanthine dehy- 
drogenase by ! oxidation of : thiol groups [17], micro- 
somal /^45b oxygenases and quinone reductases [18], 
and: the -mitochondrial resp^^ chain [19]. ; 

The respiratory chain is a powerful source of ROS, 
primarily the superoxide radical and consequently . 
hydrogen peroxide, either as a product of superoxide 
dismutase [7] qr by spontaneous disproportiohation! 
It isicaiqiilated lthat 1-4% of oxygen reacting with the 
respiratory chain is incompletely reduced to ROS 
[20,21]. Their production may increase in state 4 
with respect Jo state 3 ;[22], because O2 concentration 
increases and the level of reduced one-electron do- 
nors in the respiratory chain is concomitantly in- 
creased [23]. A similar result is obtairied when cyto- 
chrome oxidase activity is lowered, since this leads to 
the concomitant raise of oxygen concentration and 
of the reduced state of one-electron ;donors in the 
: respiratory chain [24]. According to Skulachev [25], 
uncoupled electron transfer chains* ;by enhancing 
oxygen consumption, represent a device for prevent-' 
ing or decreasing ROS production by • mitochondria. 

There are two major respiratory chain regions 
where ROS are produced, one beihg complex I 



(NADH coenzyme Q reductase) [8,20,26-28] and 
the other complex III (ubiquinol cytochrome c reduc- 
tase) {8,28^30]: 

In complex III, antimycin is known not to com- 
pletely inhibit, electron flow from ubiquinol to cyto- 
chrome c : the antimycin-insensitive reduction of cy- 
tochrome c is mediated by superoxide radicals; the 
source of superoxide in the enzyme may be either 
cytochrome & 566 , [31 ] or ubisemiquinorie [32] or Ries- 
ke's iron-sulfur center [33]. Ubisemiquinorie is rela- 
tively stable only when, protein bound [34], therefore 
the coenzyme Q (CoQ) pool in the lipid bilayer is no 
source of ROS: '. 

The role of ubiquinone within RQS production 
deserves some comments (cf [18]), since it has been 
described both as a prooxidant [22,28,32] and as a 
powerful antioxidant [35-37]; the former action has 
been ascribed to either oxidized or reduced quinone, 
whereas the latter exclusively to ubiquinol . 

In some instances, a prooxidant effect may be as- 
cribed only apparently to CoQ: for example the en- 
hanced ROS production when CoQ-iJepleted mito- 
chondria oxidising succinate are reconstituted: with 
CoQ [22] is a consequence of the increased rate of 
electron feeding to complex III via the: quinone, and 
presumably complex III itself is the source of ROS 
generation. 

Early experiments proved the involvement of com- 
plex I in ROS production [3^]; addition of either 
NADH at low concentration or of NADPH, which 
feeds the electrons at decreased rate into the com- 
plex, led to copious ROS production detected by 
lipid • peroxidation ; on the/ other Hand, addition 
of NADH at high concentration, but in the presence 
of rqtenone, also induced : peroxidation. In another 
study [28] water-soluble CoQ homologs used as 
electron acceptors from isolated complex I stim- 
ulated H2O2 production in the order 
CoQ 1 >CoQo>CoQ 2 , whereas CoQ 6 and CoQ 10 
were inactive; the rate of H2Q2 production was 
partly inhibited by rotenone, indicating that water- 
soluble quinones may react with; oxygen when re- 
duced at sites both prior and subsequent to the ro- 
tenone block. There is evidence that the one-electron 
donor to oxygen in complex I is a non^physiological 
quinone reduction site different from the physiolog- 
ical site(s) [39-41]; the former, hydrophilic, site re- 
duces several quinones to the corresponding semiqui- 
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Fig. 1 A scheme of oxidative stress-induced appptosis (cf. [113,159]). See text for explanations. MPT, mitochondrial permeability: tran- 
siti6n AljF ■ apoptpsis inducing;^ Mitochondrial, activation refers . to an early unknown step (ste£s) within the bulk of phenomena 
occurring at the niitochondrial level in the apoptotic cascade. 



noneifGrins, which are unstable and can reduce oxyt 
gen to superoxide. This mechanism is shared by sev- 
eral quinbnesi including sucbjidrugs as anthracyclines 
[42] to(i ;the; :eiirii^ ideber 
none ; [43]^ However, auto-bxidation of fully reduced 
quiiojfees; flc^^ isucl^^^bsd formed by NADH GoQ 
reductase past; the^rof enone inMbitioii site, is; also a 
sbjurce of R0S, but t^is ^effect exclusively pertains to. 
hydir^^ to ; the physiological 

Jl^opSbbie iri view.: of , the jex- 

Tdke|liige ;et af the hydrophilic, 
r^jte^mje^ reduce oxy- 

$ifi" tp " superoxide jin ; the; absence of ■ intermediate; ac- 
ce^tojrs. h • : ,;■ 
: Tc|;eoftdiLicie abput. the rple: ! of CoQ, it is clear that 
fr^rtj^ siich as the physiblogical 

€<j»Qjjj; for iiiari; idp not behave .as propxidants in 
iiutoi^horidi^; on the contrary, all* evidence points 
oiifc tjjjat behave as: aiiticfedd^nts in their reduced 
fbi^f!(35l^3 > 73^ possibly, thleirHdeep inembjabe insert 
tiopi^revfents 'contact ^ with u^n-physiological reduce 
tiotii jslteis, e&id they ; are 'not autp-oxidi?4ble. The 
. m^ctonishiiby Which i reduced CoQ functions . as :•• an 
^ti^jxidajiit; in: vivo? is ijout ;;6f jtibe scbpe of this review 
arid i$ discussed ; at; length^ el^where ; [35-3.7] . ■ 

production by the respiratory chain is in- 



creased after a period of anoxia, when the oxygen 
concentration is reestablished by reperfusiqn [44- 
46]; one reason, besides those pointed out above 
(sudden high oxygen contend presence 
of the respiratory -chain; in the ; reduced ; $tite), may 
be that the anoxic period,: 1 by: depletingi ATP, ihas 
; induced damage • to cellular structures f arid released 
, catalytic • metals [47],; such! a$ iron :and epjiper,; which 
are abundant in the ; inner mtochbnilnali membrane. 

Mitochondria contain ^tio)ddant ; eh^nc^s,i in- 
cluding V: superoxide dismuikse/ ; (Mp ^fbrin) ;-i[48i49] 
and glutathione -peroxidase [50], and ; iijpid-soluble 
antioxidants 1 such as vitamin; E [51] i khd reduced 
GoQ i[5!2]. ijbiquinol ijiay \exeut its antioxidant func- 
tion indirectly ;-by : reducing ot-to^pherpkyl ; rardjie^l 
back td^ vitamin ;E [53] :b 
oxygen and lipid perpxyj radicals [54,55]. 



3. Mitochondria as targets of ROS 

Being major producers of ROS, mitochondrial 
structures are exposed to high conbentrations thereof 
and may therefore; be particularly susceptible to their 
attack Evidence exists, however, that even ROS pro- 
duced outsidfe; the mitochb&dfbn may damage iriito- 
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Fig. 2. A • vicious ; circle of oxidative stress . and mtDNA mutations . m cell death ! and ageing (freely redrawn from [159,2 1 8]). 



chonciriai campbnents : ^decreases of respiratory en- 
zyme activities and of imtoehondrdal membrarie po- 
tential;,; induced; by adriamyejn \ in perfused: rat , liver 
[56] or isolated: he^ are /prevented by 

incubation wtii CoQi 0 ; i the exogenous quinone is 
taken' qp f^by^e intriaceUular •; cpmpartment but is 
not incorporated in ;the mtoclaniiria under the con- 
ditions of the experiments [58]^ suggesting that the 
r^cajsi quie^fed by/CbQ >arfe also: pirdduced in the 
extraimtochohffikl eo^paihiiifeiit. 
!: :;;pa^ge%^ jtoi mtck?hqndrial; com- 

ppnenjts indlud& lipid; peroxidation, protein oxida- 
tion aj^ 

■ ^ might be partieu- 

Mlyilj^ that contain cardio- 

lipin Us a; jnajor coiiii$phent cifvthe iim6r mitochon- 
dria! 5i|^ftb^ei^2J ^hicl'thjs lipid ^is required for 
the activity^ [6?] and of ; other 

mrtoc&ofldnai ^jprotdtis .1 [^]/| 'Oxidative stress, 4e- 
<^se^ (^dj^^d to ai larger Extent tjian other lipids 
[6^r^! perha|^!|as a; o^ns^tietiee of its high unsatu- 
: ratipii ; ^^ohpi^i ; ;d|#4^ : appears : to be jdi- 
rb^.jriei^ij ; || ; Jr^ybll defease /of cytochroine ■ 



Protein oxidation as a result of oxidative stress 
may occi^ -either directly, or as a consequence of lipid 
peroxidation [70-73] ; it has been described: to affect 
respiratory^ chai^^ 

adenine -hudeotide transiocator: [77} and tf anshydro- 
genasefySJi ahd ltp dSternune opening, of the; perme- 
ability tran$ition;pore 

emphasiang the; striking !su^ adenine 
nucleotide transiocator toi pxicfatiye; stress [77], since 
this ; protein = is eohs^ 

transition pore [80] (cf. [8|] for review): Complex I 
is paftictil^ly' susceptible; to pxidiiive; da|na§e [82], 
and its deceased aeti vity ■ m Parkinjsori; s disease may 
be li^ed tcifan ^enhanced prodiicitiPn 0jBR|0S.|and to 
the; c6iis0qti6nt jdamag^ bf^he complex :[33]. Modifi- 
cation of tf^e redox state of vital" |\il^ydiyl groups 
may . be :at : [the basis &i$<y- in! mitochondria^; £>f ; impor- 
tant re^itoiy -mechanisn^,: similar -to those sue- 
gested . to |;rn6^|iliate ■ signaji ti^s^ctipii . cascades 
• {84J..;Vlnac^ati(Cxrx;[ "of ; ^^^ero^e^^^u^^-- in 
traisienic ^fce|[85] eiiliknijes- production knd 
results! in 4^i^l^jdeath by j<Mateii|^ 
wit^.. -partiati;! ^^vattonjip^: ^t^ion)dMa| ; -enzyinfes 
conjtaihihg Iroh^xilfur cetitersL 
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Fig; 3. A decreased electron transfer to oxygen via the GoQ pool may be masked, when assaying complex I activity, by concomitant 
reduction of the.'expgenous quinone acceptor by electrons- flowing through;. both the physiological site and a npn r physidlpgical site (cf. 
[46]). A decreased electron/flow to oxygen might depenci on a decreased V mAX of. NADH-CoQio reductase activity of complex I, but 
also on i^ increased ^ m for CoQio in the pool In fact such a higher K m may be responsible for decreased; electron flow to oxygen, 
since the; physiological CbQio ; concentration in the inner mitochondrial membrane is not saturating for NADH oxidation [176]. 



Of special interest ~ is ; damage to mtpNA [86-89], 
. since thisi; small 'moleGule is extremely : susceptible to 
Oxidative | damage : JSeiiig located in. the; matrix, it is 
close to the; 'major source of P:OS ; moreover, jacking 
intro!ns -and; being devoid of histories and othbr 
DNA-assiDciateci proteins, the prpb^bMy; pP pxida- 1 
tiye modificatw of a coding region of mtDNA is 
v^^j^ &Mt an oxidative stress to" cultured, cells, 
the dari^ higher ancj persists longer 

tijan; thait t6 nticleax i)NA [9,0], indicating that the 
tepak devils 1 of the former, even ; if present, are 
largely- insifficibnt to overcome extensive DNA dam- 
age ' 

. R0S were Shown to induce extensive fragmenta- 
tion ; arid defeti^ mtDNA; up to 187 different 
d^letioils jwere .fe Ozawa after the third day 

c^f an oxidative stress' to a transformed hiimin fibro- 
blast! tell line i[92]i The 8-hydroxy-p-gui^ 
tprii is ' considered a rnarker of Oxidative damage to 
DNA |93]; it3 .mcrease^d content in mtDNA h;as been 
reported in ageing $3-95] and agerassdeiated dis- 
eases [96-98]. 

4. Mitochondria, ROS,iknd c«ll death 

Cell :death can pecurVby either necrosisi or apopto- 
sis [99] as a result of exogenous and endogenous 
insults; There seems to be no net border between 
thesse phenomena [10^ on the ex- 

tent: of stress [10 1 j i and on thei ATP levels [1 02] - how- 
ever, JJie mechapisriis are rather differen t ^ since i appp- 
tosiis involves & \v£il • definejd chain of iehzymatic 
events which are ^ genetically programmed : ; [ 1 03] i 
Appptpsis induced by oxidatiy : e ; stress has beleii well 



documented [92, 101,104-106] and appears to involve 
the same steps in , the. commitment and execution 
stages; as in the other causes of appptdsis [105,106]. 
Actually, appptpsis may be a mechanism to eliminate 
ROS-producing cells [107]: 

A recent exciting development has been the discov- 
ery that there is an early mitochondrial involvement 
in the apbptotic cascade [1 03, 1 06] (Fig. : 1 ) . The re- 
lease of cytochrome c from the intermembrane space 
has been reported as an early event \ activating: the 
product of; a gene (corresponding to ced-3 in the 
nomenclature of the : activatiph sequence of the nem- 
atode Caenorhabdiiis elegans); which is caspase-3 (a 
cysteine-aspaHate^protease) [108-111] ;J this activation 
requires trie product of the cedS gene [112]- and is 
inhibited by ; ced-9 ox Bcl^2 and siiiiilat proteins 
[110,1^1,1^115] TTie prote^^ 
are. localized in the outer mitochondrial membriane 
[116], wher;e pro-apoptptic proteins subh asjPax and,/ 
Bad, stnidtnrally related to the fprjmer, are also 
present [1 17]. Since opening of tJie permeability tran- 
sition pore, ^ with fall of the mitochondrial meiribrane 
potential, Also represents a fundajmehtol : step in 
appptpsis 1 [|03;106 y l 18]; and Bcl-2 J majy also prevent 
pore opening: [119], the relation: between cytochrome 
: c release and pore opening is still j controversial : 
whether this latter phenomenon, vviih consequent 
swelling and rupture of the outer mernbrane, is the 
cause of cytochrome c release, as it happens Lq iso- 
lated mitochondria [120, 121], whether! cytochrome c 
loss and consequent alteration of ifae respiratory 
chain induce pore opening, or whethei* they are two 
independent phenomena. The fact thai Bcl-2 ar^d re- 
lated proteins can polymerize [122] ;io form large 
channels in the membrane [123,124] ijhas; suggested 
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that such channels in the outer membrane may allow 
the release of cytochrome c in the cytosol [117,123]. 
'. Oxidative stress may -not just be one out of several 
••si^ais'\6o^ the cell to apoptosis, but repre- 

sent an early intrinsic component of any apoptotic 
cascade; since an oxidative stress component was 
shdwn : in apoptosis . induced, among others, by p-53 
expression! [125]j by dexamekhasone [126], and by 
ceramide [rl27]; .iri the; latter, the oxidative step was 
identified ijn complex L of the respiratory chain [127]. 

Althou^ oxidative Stress is one. of the causes of 
pore ; opening [79], the commi tment to I apoptosis 
seems to t>e an earlier event, at least in some forms 
of apoptosis [128]; induction of pio-apoptotie pro- 
teins and Cytochrome c release seem to occur before 
any decrease of the mitochondrial transmembrane 
potential; can be shown [110,1 11]. 

5. JVOtbchqndrial cytopathies as a model for ageing 

The discovery that mtDNA mutations ^ire at the 
basis; of; a ; number^ of human pathologies; [129] has ": 
opened a new and extremely active chapter of mito- 
cioiidrial research [130^1 32]. Not all mitochondrial 
c)lppa#iies are duel to mtDNA mutations, but many 
; are due jto n^tatibns in huclejar genes encoding Tor' 
Mtochondr^al'prP^ 

mtDNA; miitations, contrary to those of nuclear 
: genes^ are genetically well characterized. -There are 
diseases due/to point mutations ;of a stnictiiral gene 
4tid i others j due to ^ in tRNA genes; in ad- 

dition ;s^ familiar forms; characterized by 

i extensive deletions of mtDNA are Also described 
[12^134]. 

• Mitochondrial ^genetics is peculiar for many re- 
spects \yhen compared with mendelian : ; genetics 
[132,134]: besides the maternal, type of transmission, .' 
the fpresende of multiple mtDNA cbpies in the" same 
cell (polypliismy) and the possibility for a mutation 
to experience different degrees of: heterciplasiny are at 
the ibasis of the threshold effect, by whiih a pheno- 
typic lesion becomes evident only whdn oyer 80% of 
the mtDNA in a cell is mutated, and of mitotic seg- 
regation, by which the proportion ofiinutant mito- 
chpndrial genomes may shift in daughter cells during 
cell ^division; surprisingly, the process -appears to be .. : 
non-random, so that different genotypes segregate to 



different extents in different tissues during embryo- 
genesis [135,136], a finding that can have strong rele- 
vance tp ageing (Section 6).; 

Mitochondrial structural genes encode for 13 pol- 
ypeptide chains belonging to those complexes of the 
inner mitochondrial rhembrane which are involved in 
the transmembrane movement of protons. Thus, the 
phenotypic consequence of a mtDNA mutation must 
be a defect in the oxidative^ phosphorylation machi- 
nery of mitochondria [129]. 

A lesion in a; structural gene^ such as due tp a point 
mutation, would interfere with the function of the 
polypeptide encoded by that gene, leading to enzyme 
activity decrease. Indeed .this is often found in such 
kinds of cytopathies, such as a form of Leber's 
hereditary optic neuropathy (LHON), characterized 
by a mutation in the genes for the NDl subunit of 
complex I at position 3:460 of mtDNA [137], but not 
in the form harboring the 11 778 NE>4 mutation, 
where complex I activity is unchanged[i[138]; in spite 
of normal complex I activity, the flux over the entire 
respiratory chain is significantly decreased [138]. 

The finding that in the 1 1 778 ND4 mutation there 
is a decreased sensitivity to roteriorie [139] and a 
decreased affinity for a quinone hoinolbg used as 
the acceptor [139, 140] ; agrees with the notion that 
the seven ND subunits of complex I are hydrophobic 
polypeptides belonging: to the sector of the enzyme 
where a large series of inhibitors and the electron 
acceptor CpQ are bound [141]. Since the quinone- 
binding sites are also involved in the proton trans- 
location activity of the complex [141 , 142], it is pre- . 
dictable that a defective energy conservation may be 
present in this form of the disease. 

The decreased respiratory rate in spite of normal 
complex I activity in subjects harboring the L1778 1 
ND4 mutation is puzzling; possible explanations 
are either in a decreased affinity of complex I for 
endogenous ubiquinone (CoQio), as indeed found 
for an exogenous short CoQ homolog, C0Q2 
[139,140], or in overestimation of the physiological 
complex I activity due to electron withdrawal, by 
the acceptor used, from a non-physiological site in 
the enzyme [40,43], made available by an incorrect 
assembly caused by the mutation [139]: 

Another cytopathy characterized by a mtDNA 
point mutation, the NARP or maternally inherited 
Leigh syndrome, associated -with an 8993 mutation in 
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the V^JT^sep6 g^ne [143], is characterized by de- 
creased ATT syntheisis [144], although the biochem- 
ical def^t has n yet been identified; in the light of 
the above considerations, it would be speculated that 
the primary defect involves proton translocation 
throu^ the ; Fq proton • channel, as ; found by site-di- 
rected mutagenesis to the homologous region of sub- 
unit -a ot Escherichia co/j [145]. 

On the,; other hand, a lesion in a gene encoding for 
a mitpcto tRNA, as in the MELAS and 

MBRRF; syiidrbines [131], would interfere with mi- 
tochdndri^lprotleih synthesis of all the subunits en-^ 
coded by ihtDNA. 

Some ifonns: 6f mitochondrial disease are caused 
by mtDNA deletions [131] ;; being extended to large 
portions of the mitochondrial genome, as the 4977 
. bp TOmmpn deletion found in patients affected by the 
Kearns-Sayre syndrome [146] together with many 
other deletioiis, and removing many genes including 
essential tKNA gehes [147], they strongly interfere 
with mitochondrial function. 

tt was fpund that some mtDNA alterations, par- 
ticularly deletions; are; also present in normal indi- 
viduals, though to very small extents, and; accumu- 
late with age [148]. In particular, the common 
deletion of 1 the ' KearnSs-Sayre syndrome has often 
been found : jby PCJRL to accumulate in postmitotic 
cells in old individuals. 

6. : JVKtocHqri and ageing 

The : concept that mitochondria axe primarily ih- 
vdly^m ageing thepry of Harman 

[1 49]; ;Hn£^ to the injurious effect of free 

radicals : arising from th,e dne-electrpn ^reduction of 
oxy^ep durhig meiabolism. In a^ the 
: radical: theory of ageing;; is the inverse relation 
existing ll^twe rate in different ani- 

mal spfebies ; and life ^xpiectaiiey of the same species 
[150,1513; ih$ aiitp-oxidatipn ; rate • on its hkndus di- 
re<&ly; ^ raite, so that the du- 

rafioii pif life: seems to ;be ihybrsely jrel^ to the rate 
ofibxyg^n consumption [I52]| J3ieS increased longev- 
ity ; ci^taihed by caloric ; restriction in rpdents 
[153, li5j4], which: is ac^dmp^riied $y decreased state 
4 respiration and de^e^ed ristipetoxide production 
[154], and the relation of tife^pjan in DrosSphila 



with the simultaneous expression of thp antioxidant 
enzymes superoxide dismii tase and catalase [155] are 
corollaries of this proposal. 

6A. Mitochondrial theories of ageing 

As pointed out in Sections 2. and 3, mitochondria 
are the major sources of oxygen radicals through the 
respiratory chain and are also deeply affected : by 
ROS, resulting in serious risks to their^ function; In- 
deed, a decreased mitochondrial performance has 
been generally observed in senescence' (cfY [156]) 
and, in principle, this decline could be due to alter- 
ation of each one of the macromolecular components 
above. The mitochondri^theo^y of agemg|l57U58] 
has attempted to define in precise : molecular terms 
the energetic changes : accompanying senescence, 
and can be represented as a refinement of the free 
radical theory. 

Briefly, it was proposed that laccumxfiatioh of so- 
matic mutations of mtDNA, induced ;by continued 
exposure to free radical attack,:ieads to errors in the 
mtDNA-encoded polypeptide chains; these errors 
are stochastic and randomly transmitted during mi^ 
tochohdrial division and • cell " division. The conse- 
quence of these alterations, which affect exclusively 
the four mitochondrial enzymatic: complexes in- 
volved in energy conservation- i would be defective 
electron transfer and oxidative iphosphorylatiph. In 
addition, respiratory chain defects i may b^ome asso- 
ciated with increased production! of RGS, thus estab- 
lishing a vicious circle bf ; mtONA mutations ' and 
oxidative stress [ 1 59] ; the redox} in^hanisni of ageing 
[159,160] unifies both the ideasiipf the mitochondrial 
theory [157,158] and . of the freeij Radical j theory of 
ageing [149] (Fig. 2). It is adso; established that ^ oxi- 
dative stress is a powerful cause pf apoptotic death 
(Section 4); therefore oxidative stress, ageing ! and 
apoptosis are strictly linked events. It is donbeiyable 
that an acute stress woulid trigger a mechanism^ in- 
ducing cell death directly, whereas a milder Sjtress 
may slowly lead to impaired cejl functions as in ; age- 
ing. 

The mtDNA mutations are expected to accumu- 
late and to lead to damage mainly in postmitotic Icells 
[161], where oxidative metaSdlism is very elevated as 
in neurons or is subjected to hig^i bursts as! in skeletal 
muscle; moreover, in postniitotic cells, the lesions 
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could be conserved at difference with mitotic cells 
where division leads to selection with 'washing 
away' of the defective; cells [162]. 

6.2- Mitochondrial bioenergetics in ageing 

The; subject of age-dependent changes in mito- 
chondrial bioenergetics abounds in conflicting data, 
e;g.':- reporting dpchhes of respiratory ; enjzyines or 
ATPase activity or unable .to find significant differ- 
ences, (ef. [1 57,163]).; There may be several reasons 
for such conflicting data. 

First, mitochondria when isolated are obtained 
from tissues containing both difierentiated non-divid- 
ing ;c6lls and relatively rion^ageihg dividing cells ; thus ; 
small dhanges: only in one population may become 
undetectable [161]; Furtheirmore, energy-defective 
cells: may undergo: elimination by apoptosis [164]; 
the r continuous cell elimination when mitochondria 
becpihe deficient would prevent observing important 
energbtic changes in \ the remaining pppmld tion . 

If the energetic Mpairment derives from a stochas- 
tic damage to the? ijritbchondrial genes, then it is 
. important to select the mitochondrial activity which 
is most likely to be affected: Since seven but of , the 13 
structural genes in mtDNA encode for polypeptides 
in cornplex I (NADH: CoQ reductase),- then it is com- 
plex 1 that is most likely to undergo functional alter- 
ations ;(165]. Unfortunately the assay of complex I 
activity suffers from serious problems due to the 
choice of the best quinone to be used as electron 
acceptor [166]; in out laboratory it was found useful, 
when f ppssible, to assay this activity indirectly [167] 
by exploiting the pool equation [1 68] 

Vo hs = (V o XVM{V 0 + V T ) 

whereby the rate of CpQ. reduction (Fr) is related to 
total rate of NADU joxidation by pxygeri (F obs ) and 
to rate of ubiquinol oxidation (Fo);! Using; this meth- 
od, ; significant decrease? of NADH CoQ reductase 
activity, undetected by t)ie direct asi^ay, were revealed 
in liver and heart mitochondriaj from 24-rnonth-old 
rats [167], presumably by prbvjding more accurate 
values of NADJi CoQ reductase activity. 

Another apprpach employed in olur lkbpratory for 
recognition of pbssible early changes! not only in 
postmitotic cells but also in shbrt^hvitig cells, such 
as blood platelets, has been looking for specific 



changes linked to subuhits encoded for by mtDNA; 
in analogy with previous findings in LHON [139], it 
was found that rotenone sensitivity of NADH CoQ 
reductase was significantly decreased in platelets 
from old individuals [169]. The same change was ex- 
hibited by nori-synaptic mitochondria from rat brain 
cortex [170]. 

A decrease of an individual enzyme activity in a 
metabolic pathway is meaningful only if it is able to 
affect the rate of the whole pathway, and this will 
depend on the degree of flux control exerted by the 
individual step [171]: in the respiratory chain, com- 
plex I is present in lowest amounts [62], then it is 
presumably the rate-limiting step of aerobic NADH 
oxidation [172]; however, this is not true for the 
oxidation of NAD-linked substrates in phosphbrylat- 
ing mitochondria [173,174]. In mitochondrial dis- 
eases, the flux control coefficient at site I in permea- 
bilized cells was found to dramatically increase [175]; 
unfortunately this point has not been addressed in 
studies on agesing. 

The opposite phenomenon, i.e. the mentioned de- 
creased respiratory rate accompanied by unchanged 
complex I activity, detected in livers and hearts of 
aged rats [167], was ascribed to inadequacy of com- 
monly used acceptors ; in analogy with a similar be- 
havior in the LHON 1 1 778 :NE>4 mutation^: an in- 
correct assembly of the complex, witnessed by a 
decreased rotenone sensitivity of - its activity 
[169,170], and leading to artifactual pathways of elec- 
tron transfer to short chain quinpnes [40,43], might 
explain the observation in molecular terms (Fig. 3). 
Alternatively, a decreased affinity for endogenous 
CoQ might explain this apparent paradox/ since 
CoQ concentration is not saturating for NADH ox- 
idation [176]. The latter possibility has not been ex- 
plored in ageing; in view of the analogous finding of 
decreased rotenone sensitivity in ageing as well as in 
LHON mutations, where the K m for a CoQ homolog 
is also increased [139], this point . is obviously worth 
investigation. 

Additional evidence on a respiratory impairment 
in senescence concerns histochemical detection of a 
loss of cytochrome, c oxidase activity (but hot of 
succinate dehydrogenase) in muscle mitochondria 
from old individuals [177]. The mosaic distribution 
of the cytochrome oxidase lesions is well in agree- 
ment with the stochastic distribution of mitochon- 
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drial damage predicted by the mitochondrial theory 
[164];. 

6.3. Mutations and deletions of mtDNA 

Point mxitatipns in mtDNA are present in norma] 
individuals and were claimed to increase with age 
[178,179]; a careful: study by quantitative PGR of 
the frequency in skeletal: muscle Pf two point muta- 
tions observed in m^ has revealed 
that ithe iMtatioiis ; are present at very low percent- 
age^ but there is no corfelation with age, at least up 
. to 70 yearn [180]. \ • \ 

The matter is different with mtDNA delations. The 
so-called <bhtop^ 

in sotne biitoejio was alsd found to 

increase expoheritidlly with ageing, particularly in 
musde and brain; tissues [148]. Careful quantitation 
by a cpm^titive PGR method revealed that this sin- 
gle deleted species ^as preseiit in aged muscle at the 
level of only ;0;1% c>f totM mtDNA. Thus- ; it may be 
Questioned 1 whether: ; detection of deleted nitDNA in 
the elderly oily represents an epiphenoinejion of the 
piin^ry ' pathlogenetib event, since very high levels of 
damage; are necessary to elicit activity changes, in 
accdrdahce with threshold effect. It has to be 
borne in mind, ftbweyer, ; that other; deletions - have 
been found to increase in ; ageing [148]. /fhus, ; even 
though i any single 5 species of deleted n>tDNA is 
present at low - lsvejls, the total amount of ; deleted 
mtDNA may reafcli; levels rthat coiild be significant 
in terms of oxidative phosphorylation dedlinb- ;Oza- 
: wa, by systematic ; u$e of PGR primers overi tKe; entire 
mDNAj found a jpfogres^ive age-reilated fragmenta- 
tion of mtDNA into various size deleted ! molecules 
up to 358 types, with a strong correlation with 8- 
hydroxy-b-^^ositife accumulation [S|2,96U81]; 
mtDNA fragmentation aiso occurred in preniature 
ageing [182]J : Deleted forms of nJtEjNA la|jkirig rep- 
lication origins accxiniulated up to 280 types put of 
358. Concomitantly^ wild type mfDNA deceased 
down to 11% of total. Similar fragmentation of 
mtDNA [183484} and extensive oxygen damage to 
tissues [185] \vas demonstrated inpatients with! ^mito- 
chondrial cardiomyopathy, harboring haiaj-dous 
germ-line point mutations; therefore the mitochon- 
drial diseases seemed to be derived from preiriature 
ageing of the tissues. 



A proof of : the existence of a vicious circle of ox- 
idation and mtDNA damage [ 1 59] requires demon- 
stration that ROS production and their effects in- 
crease in ageing. : It was indeed ; shown that 
hydrogen peroxide generation increases with age, 
e.g. in different- species of flies [151] and in isolated 
rat hepat ocy tes ([1 86, 1 87] ; Gavazzoni and Lenaz, un- 
published observation)^ although peroxide overpro- 
duction in ageing was not found by others (cf. 
[188]). Increased production of ROS : i£ also inferred 
from the increase of oxidized cellular components 
with age [3,4,72,160], although this accumulation 
may also result from impaired disposal of the dam- 
aged species (cf. [189]). 

According to the above view, the accumulation of 
mtDNA lesions with ageing derives from an unbal- 
ance in the rate of generation of ROS and their ; re- 
moval [159, 160] ; an alternative or additional explan- 
ation is that there is a relatively constant rate of 
generation of the mutations, leading to synthesis of 
aberrant proteins, but that in young animals cells 
exhibiting those mutations are eliminated by iminu- 
nosurveillance by cytotoxic T-lymphocytes; since the 
protective immune response dechries with age, lead- 
ing to an altered repertoire bif antigens recognized 
[190], one would expect an accumulation of cells con- 
taining altered mtDNA (H- Baum, personal commu- 
nication). In the light of the above hypothesis, the 
decline in immunosuryeillance with ageing may also 
: well reflect somatic mutations of lymphocyte 
mtDNA (cf: [191]). 

TTie significance of mtDNA deletions in ageing/is 
emphasized by the species specificity of their time of 
arousal: mtDNA deletions accumulate in organisms 
with life spans significantly shorter thin those of hu- 
mans, at ages when there is no detectable deletion in 
humans [192]. To this purpose, when using rodents 
as experimental models for humian, ageing, the: appro- 
priate tissues should be considered, since not all tis- 
sues of rats accumulate mtDNA) deletions in the 
same manner as those of humans [193]. 

6.4. Mitochondria-nucleus interplay in ageing 

The available evidence suggests that riitDNA dele- 
tions accumulate to sufficient extents to be able to 
represent : the cause fbr .the respiratory: chain and ox- 
idative phosphorylation defects observed in ageitig 
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[148]; . the pmpf that this is indeed the case, however, 
is still Slacking. The reason why deletions but, per- 
haps^ hot pcjint mutations accumulate in ageing is 
hot clear, although it may depend on the DNA re- 
pair capabUities of mitochondria [194]. Oxidative 
stress can: lbad to mtDNA deletions [92,94,95], 
although these, can also arise from altered nuclear- 
cytoplasmic ihteractipns: In fact an autosomal dom- 
inant form pf PEG (paralysis of extraocular 
muscles), characterized by multiple mtDNA dele- 
tions, indicates that it is a nuclear gene product 
that affects the; proclivity of mtDNA to suffer dele- 
tions [195] is also the case for mtDNA 
deletions occurpng in ageing is not known. The ob- 
servation that Pxidative phosphorylation defects in 
cultured cells from aged donors could be reversed 
by consttiictihg cybrids where the nucleus from the 
old donor was substituted by a nucleus from an im- 
mprtaliz^d eellj sugg^ted that a nuclear mutation 
might be responsible for the mitochondrial deficit 
[196] ; a : subsequent extended study [197], however, 
demonstrated the formation of seyeral respiratory- 
deficient clones; by fusing mitochondria from fibro- 
blasts ofaged donors with aintDNA-less p° cell line, 
as well as a significant decrease of respiration rate 
and of mtDNA content with the ajge of the donors. 
The results of the previous, study [196] were ascribed 
to selectioh of respiratory competent clones during 
fusion. 

Some additional observations on mitochondrial 
changes in ageing- appear diificult to be directly ex- 
plained by tie mitochoh(drid; theory: The: decreased 
mtDNA transcription in heart and :brain of aged rats 
[198] and- the d;eca*0ased rate of mitochondrial protein 
synthesis in human mtiscle [199] have suggested the 
existence of some tnore subtle defect in the interplay 
between nucleus and mitochondria.. However, the 
findings that deleted mtDNA often lacks replication 
origins [159] arid that the deletions usually encom- 
pass several tRNA genes may offer explanations in 
line with the ncutochondrial theory. The suggestion 
that mitochondria in ^ged cells may increase in size 
[161,187,200,201] would also be in line with this ex- 
planation, as a sign of impaired mitochondrial divi- 
sion [160,161]. 

The dramatic changes in lipid composition ob- 
served in a.geingi particularly the fall in cardiolipin 
content [202] and its relation with cytochrome oxi- 



: dase activity [68,69], suggest that other factors, re- 
lated to oxidative stress but not involving mtDNA, 
may be important pathogenetic events in the ageing 
process, the finding that a decreased rotenone sensi- 
tivity of NM)H CoQ reductase, is observed in plate- 
lets from old individuals [169], but that the 'common 
deletion 5 is not observed in mtDNA from the same 
cells [203], in contrast with a previous study [204], 
throws some uncertainty over the: mtDNA damage 
as the only source of bioenergetic defect. Clearly, a 
mitochondrial involvement in ageing is present, 
though a unique role of mtDNA his yet to be estab- 
lisHed. 

7. Mitochondria and age-related diseases 

The possibility that some of the most common and 
devastating degenerative diseases of old age have a 
mitochondrial involvement has been seriously cpn- 
; sidered in recent years [205-207]. Evidence pertaining 
to this poiiit will be only briefly summarized; here; In 
particular an impairment to energy metabolism ; due 
to progressive failure pf thevniitochohdria has been 
invoked in the pathogenesis ; of Alzheimer's disease, 
Huntington's disease, Parkinson's disease^ and cere- 
bellar degenerations. A common denominator of 
these diseases, kffeeting different specific strain / areas 
with cellular atrophy, ;may : ; be: a i^<$uiced ;pxi<iati ve 
metabpUsih and ATP synth^is^ leadiri^to inembrkne 
depolarization with consequent activation of the glu- 
tamate NlVlDA channels and excitbtoxic cell death 
[206], similar to the acute death prddiiceid by gluta- . 
mate release in ischemia^reperfiisiPri iiijiii^ [208]. The 
observation that mitochondrial dysfukction in nerv- 
ous tissue induces exdtotoxic respbhs^ a^ees With 
this hypothesis {209]. : 

In Alzheimer's disease, the affected brain areas ex- 
hibit an increased : production of 8-hydf Pxy-2-r>-giia- 
nosine from mtDNA with respect to age-pa'ired con- 
trols [96-98], an indication of enhanced oxidative 
stress in the diseased brain; the mtD&A deletions, 
however, were found to" be decreased >vith respect to 
age-matched controls, shedding doubt on the sighifi- 
: cance of the deletions, at least in concern with ithe 
disease [210]. 

A severe compromission of complex I has been 
found in the substantia nigra of subjects with Par- 
kinson's disease [21 lj, and also, though less evident, 
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in muscle and in platelets and lymphocytes of dis- . 
eased individuals [207,2 12] . The lowered levels of re- 
duced: glutathione in the substahtia nigra ofasymp- 
tbmatic E&r kirisdti ■ s carriers with Lewy bodies [213] 
militates for an early involvement of oxidative stress 
in the pathogenesis • pf : the disease [83]. The involve- 
ment of mt^ or mutations is not prov- 
en with certainty: [214,215]. It was. suggested that 
certain poirit^mutatipiis occurring as polymorphisms 
in mi^NA may serve as risk factors for neurodegen- 
erative diseases v[2 16] ; th^ concomitant lesions due to 
ageing and to en\dronmental stress would gradually 
impair ihitochondrial function ; leading to excitotoxic 
cell death and progressive atrophy of the interested 
area. The complex I defect present m platelets from 
Parkinson patients was; transferred to fusion cybrids, 
indicating a possible mtDN A defect [217]; The fact 
that some brain areas seem to be more susceptible to 
mtDNA damage in comparison with others may be 
related to the specific, localization of neurodegenera- 
tive diseases [83]. The picture is emerging that most 
degenerative diseases originate from a concomitance 
of risk factors enhancing the danger of oxidative 
stress and energy failure in specific tissues. 
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Fig. 1. Antioxidant enzyme ac^and to* M JK£ 

&xtt*< + Cqpen bars) and SbcO"'* tors) mice. A shows the ^^"^ AH vaSE rZ^d^Z mean ± S.E. of five to eight 

of GPX and the levels of total glutathione in the isolated mitochondrial preparations. All values reponeo are uw 
animals. *, p < 0.05 by paired Student's t test. 

from Sod2' /+ compared with Sod2 +/ + mice. In contrast, the 
activity of GPX remained unchanged (Fig. 1) and, therefore, did 
not compensate for the reduced activity of MnSOD in the liver 
mitochondria of the Sod2~ /+ mice. We also measured the CuZn- 
SOD and catalase activities in these mitochondrial prepara- 
tions. CuZnSOD has been reported to be localized not only in 
the cytosol, but also in the intermembrane space of the mito- 
chondria (25). The activity of CuZnSOD was the same for the 
Sod2~' + and Sod2 w + mice (Fig. 1). These data are in agree- 
ment with the previous report by Li et al (9), in which no 
difference in CuZnSOD activity was observed in whole liver 
homogenates in these mice. There was no detectable catalase 
activity in the mitochondrial extracts from either the Sod2 + + 
or Sod2~ /+ mice. This was not unexpected because catalase has 
been reported to be localized in the cytosol, specifically the 
perixosomes (26). 

We also measured total glutathione levels in isolated mito- 
chondria because glutathione can act directly as an antioxidant 
or as a substrate for GPX. Only 10-15% of the total cellular 
glutathione is found inside the mitochondrial matrix (27); 
therefore, it was only possible to measure total glutathione 
levels in the mitochondrial extracts. The data in Fig. 1 show 
that total glutathione levels were decreased approximately 
30% in mitochondria from the Sod2~^ mice compared with 
mitochondria from Sod2+ /+ mice. This decrease could be of 
significance because the mitochondrial glutathione pool ap- 
pears to be extremely important physiologically in protecting 
cells from oxidative stress. For example, Garcia-Ruiz et al. (28) 
recently showed that a decrease in the mitochondrial pool of 
glutathione (with the cytosolic glutathione pool intact) ren- 
dered cells more vulnerable to the endogenous oxidative stress 
induced by antimycin A compared with the situation when only 
the cytosolic glutathione pool was decreased. 

Oxidative Damage—Because MnSOD is a key component of 
the antioxidant defense system, we determined if the reduction 



in MnSOD activity in the mitochondria of the Sod2~ + 

was correlated to a change in oxidative damage. We measured 
the activity of aconitase because it has been reported to be a 
sensitive measure of tissue/cellular levels of superoxide anions 
(29). Aconitase is an iron-sulfur protein that is inactivated by 
superoxide anions (29), which oxidizes the [4Fe-4Sl cluster and 
leads to a loss of an iron ion (30). Aconitase inactivated by 
superoxide anions can be reactivated by the addition of a re- 
ducing agent and iron (15). Fig. 2 shows that the mitochondrial 
aconitase activity is reduced 30% in mitochondrial extracts 
from the livers of Sod2~ l + mice compared with Sod2+ mice. 
However, the Western blot in Fig. 2 shows that levels of acon- 
itase protein in the mitochondrial extracts from the Sod2 
and Sod2 +/+ were similar; therefore, the decrease in aconitase 
activity was not due to reduced levels of the protein. The data 
in Fig. 2 also show that reactivation of aconitase by the addi- 
tion of iron and dithiothreitol resulted in an increase in the 



mitochondrial aconitase activity in the Sod2 /+ mice to a level 
equal to that measured in the Sod2+ /+ mice. Therefore, the 
decrease in aconitase activity in the liver mitochondria of the 
Sod2~ /+ mice appears to be the result of inactivation by super- 
oxide anions. In other words, superoxide anion levels in the 
mitochondria of the Sod2' /+ mice appear to be higher than the 
levels in the mitochondria of the Sod2 +/+ mice. Previously, Li et 
al. (9) reported no difference in the total aconitase activity in 
the liver homogenates from Sod2' /+ and Sod2+' + mice; how- 
ever, it is possible that they failed to detect changes in aconi- 
tase activity because they measured total rather than mito- 
chondrial aconitase activity. There are approximately equal 
activities of the mitochondrial and cytosolic aconitase in liver 
(31). 

We also measured the activity of NADH oxidoreductase 
(complex I) in mitochondrial extracts because the [Fe-S] clus- 
ters in the complexes are sensitive to oxidative inactivation (21, 
32). NADH oxidoreductase activity was measured by two as- 
says that employ different terminal electron acceptors: ferri- 
cyanide and coenzyme Q (Table I). Coenzyme Q, a ubiquinone 
analog, accepts electrons from the [Fe-S] clusters of complex I; 
these clusters are sensitive to oxidative inactivation. The ac- 
tivity of NADH oxidoreductase using coenzyme Q as the sub- 
strate was significantly lower (30%) in the mitochondria iso- 
lated from the livers of the Sod2~ f + mice compared with 
Sod2 +/+ mice (Table I). To determine if the loss in activity was 
due to inactivation of the [Fe-SJ clusters, we also measured the 
NADH oxidoreductase activity using ferricyanide as the sub- 
strate. Ferricyanide is an artificial electron acceptor that ac- 
cepts electrons directly from the reduced flavin mononucleotide 
and by-passes the [Fe-S] clusters of complex I (33). Using 
ferricyanide as the terminal electron acceptor, no difference in 
the activities of NADH oxidoreductase was observed for mito- 
chondria isolated from the livers of Sod2~ /+ and Sod2+'+ mice 
(Table I). Therefore, the decrease in NADH oxidoreductase 
activity appears to be due to oxidation of the [Fe-S] clusters. 

We also measured the activities of fumarase in the mitochon- 
drial extracts as a control because fumarase is not iron-depend- 
ent (34) and it is insensitive to oxidative inactivation (35). The 
data in Table I show that fumarase activity was the same in the 
mitochondrial preparations from the Sod2 /+ and Sod2+ + 
mice even though aconitase and NADH oxidoreductase activi- 
ties were significantly reduced in the Sod2 ' + mice. 

We also measured the activities of aconitase and glutamine 
synthetase in the cytosolic extracts isolated from the livers of 

the Sod2~ /+ and Sod2 +/ + mice. The mitochondrial and cytoso- 
lic aconitase are encoded by two different genes; however, the 
[4Fe-4S] structure is conserved, and cytosolic aconitase is sen- 
sitive to oxidative inactivation by superoxide anions (36). Glu- 
tamine synthetase is a cytosolic enzyme that has been shown to 
be sensitive to oxidative inactivation (37, 38) because a single 
histidine residue has been oxidized producing a carbonyl group 
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Fig 2 Aconitase activities and protein levels in isolated mitochondria. A shows aconitase activities in liver ™ toc ^ dna /°^ 
(onen bars) and %od2~<+ (shaded bars) mice before and after reactivation by the addition of dithiothreitol and iron as described under Materials 
i^S^^aliw? represent the mean ± S.E. of eight animals. * p < 0.05 by paired Student's t test B shows the "gnto^J^ 

a polyclonal antibody developed against aconitase. Mitochondrial proteins were 
IdZ by SDS-polyacrylamide gel electrophoresis, and the blot was developed using a secondary antibody coupled to the horseradish 
peroxidase ECL system (Amersham, Les Ulis, France) as described by Heydan et at. (48). 



Table I 

The activities of mitochondrial and cytosolic enzymes in the liver of 

Sod2* /+ and Sod2~ / * mice 
All values represent the mean ± S.E. of six to nine animals. *, p < 
0.01 by paired Student's t test. 
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similar in the Sod2' /+ and Sod2+'+ mice. 

Mitochondrial Function — Because mitochondria from the 
Sod2~ f + mice showed higher levels of oxidative damage, we 
compared the function of mitochondria isolated from the livers 
of Sod2~ /+ and Sod2 +/+ mice. The rates of state 3 and state 4 
respiration and the RCR were measured because they are 
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Dvrtvstiutfon 



Contra! 
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1 



a Milliunits/mg of mitochondrial protein. 
6 Units/mg of mitochondrial protein. 

(39). The data in Table I show no difference in the activity of 
either enzyme in the cytosol of the Sod2 +/ + or Sod2' /+ mice. g 

To further characterize the level of protein oxidation in the 
mitochondrial and cytosolic fractions of the liver from Sod2 H * 
and Sod2~ /+ mice, we measured the levels of carbonyl groups 
in specific proteins by Western blot analysis using an antibody 
that detects 2,4-dinitrophyenyl adducts (40). Carbonyl groups 
(aldehydes and ketones) are formed in the amino side chains of 
proteins by metal catalyzed oxidation and are standard mark- 
ers of protein oxidation (41). The Western blot in Fig. 3 shows 
that more carbonyl groups were present in mitochondrial ex- 
tracts from the Sod2~^ mice compared with extracts from the 
Sod2' ¥l ^ mice. This difference was not due to differences in 
protein levels as shown in the Coomassie Blue stain in Pig, SB. 
In contrast to mitochondrial proteins, cytosolic protein extracts 
contain similar levels of carbonyl groups in the Sod2~ /+ and 
Sod2 +/+ mice. To ensure that the antibody specifically detected 
carbonyl groups, a derivatization control was included in which 
no 2,4-dinitrophenyl hydrazine was added to the extracts. This 
resulted in a loss of binding of the antibody in both the cytosolic 
and mitochondrial extracts. 

We also compared levels of oxidative damage in the livers of 
the Sod2~^ and Sod2 +/ + mice by measuring the levels of 
8-hydroxydeoxyguanosine (8-OHdG) in mtDNA and nuclear 
DNA. The data in Fig. 4 show that the level of 8-OHdG in 
mtDNA from the livers of the Sod2~^ mice was significantly 
higher (30%) than that found in mtDNA from the Sod2 +/ + 
mice. In contrast, the levels of 8-OHdG in nuclear DNA were 
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43,000 - 
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21,000 - 




Fig. 3. Oxidatively modified proteins containing carbonyl 
groups in mitochondria and cytosol. Mitochondria! and cytosolic 
extracts from livers of Sod2 +,+ (WD and Sod2~^ mice were analyzed 
by SDS-polyacrylamide gel electrophoresis using the On cor Oxyblot kit 
(Oncor, Gaithersburg, MD) as described by Keller et aL (40). A shows 
the autoradiograph of a Western blot using a polyclonal antibody de- 
veloped against carbonyl groups. B shows the Coomassie Blue stain of 
the Western blot in A. To ensure that the antibody specifically detected 
carbonyl groups, a derivatization control was included in which no 
2,4-dinitrophenyl hydrazine was added to the extracts. 

measurements of the efficiency of the movement of electrons 
along the electron transport chain and the coupling of this 
movement to the production of ATP by oxidative phosphoryla- 
tion (24). Oxygen consumption of isolated mitochondria was 
measured using substrates that are metabolized through dif- 
ferent complexes in the electron transport chain, and Table II 
shows the rates of state 3 and state 4 respiration with the three 
substrates. The RCR was significantly lower for mitochondria 
isolated from Sod2" /+ mice for all three substrates. The de- 
crease in RCR was greatest (29 and 33%) for the substrates 
glutamate/malate and duroquinol, which are metabolized 



28514 



Altered Liver Mitochondrial Function in MnSOD Knockout Mice 




Mitochondrial Nuclear 
Fig. 4. DNA oxidation of mtDNA and nuclear DNA. Nuclear and 
mitochondrial DNA were isolated from livers of Sod2 + ' + (open bars) and 
Sod2' /+ (shaded bars) mice. The concentrations of 8-OHdG and deox- 
yguanoaine (dG) in the DNA hydrolysates were determined using high 
performance liquid chromatography and quantified by electrochemical 
detection as described by Floyd et al. (49). A CoulChem* electeochem- 
ical detection syBtem (ESA model 5200, ESA, Inc., Chelmsford, MA) was 
used with a reverse phase, isocratic system as described by Beal et at. 
(50) The ratios of 8-OHdG/dG in liver nuclear and mitochondrial DNA 
are shown. Each value represents the mean ± S.E. of six different 
experiments, in which mitochondria were pooled from two animals in 
each experiment. *, p < 0.05 by paired Student's t test. 

Table II 

Oxygen utilization in mitochondria isolated from the livers of 
Sod2 +/ + and Sod2~'* mice 
Each value represents the mean ± S.E. of six different experiments, 
in which mitochondria were pooled from two animals per experiment. *, 
P < 0.05 by paired Student's t test. ** P < 0.01 by paired Student's t 
test. 
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through complexes I and III, respectively. This is not surpris- 
ing because these two complexes have been reported to be more 
sensitive to oxidative damage for the following reasons: (a) they 
contain [Fe-S] clusters that are sensitive to oxidative stress 
(42), (b) they are the major sites for the production of reactive 
oxygen species (43), and (c) cardiolipin, which is an essential for 
the biological activities of these complexes, is sensitive to per- 
oxidation by reactive oxygen species (44). The respiration data 
with glutamate/malate are also consistent with our data in 
Table II, which showed that the activity of NADH oxidoreduc- 
tase with coenzyme Q as a substrate was reduced approxi- 
mately 30%. 

The decrease in the RCR appears to be due to a decrease in 
state 3 respiration. The data in Table II show a significant 
decrease (44%) in state 3 respiration with duroquinol as a 
substrate in the Sod2~'+ mice compared with the Sod2 + + 
mice. The substrates succinate and glutamate/malate did not 
show a statistical significant decrease in state 3 respiration in 
the Sod2* i+ mice; however, the decrease in state 3 respiration 
with glutamate/malate as a substrate approached statistical 
significance with a P value of 0.06. The rates of state 4 respi- 
ration are essentially identical in the mitochondria isolated 
from Sod2~'* and Sod2~^* mice, which suggests there was no 
disruption in membrane integrity in the inner mitochondrial 
membrane of the Sod2~^ mice (45). This observation was 
further substantiated when we measured the membrane po- 
tential of mitochondria isolated from Sod2'^ and Sod2 +/+ 
mice using safranine O as described by Akerman and Wikstrom 



(46). The membrane potentials for mitochondria isolated from 
the livers of Sod2~' + and Sod2+ /+ mice were -173.74 ± 15.61 
mV and -167.30 ± 23.93 mV, respectively (data are expressed 
as the mean ± S.E. from six experiments pooling mitochondria 
from two livers for each experiment), 

Mitochondria isolated from the Sod2' /+ mice also showed 
altered function with respect to the induction of the permeabil- 
ity transition. The permeability transition occurs through a 
proteinaceous pore, whose opening is induced by calcium and 
oxidative stress, such as ^-butylhydroperoxide (47). The induc- 
tion of the mitochondria permeability transition pore is char- 
acterized by a sudden increase in the permeability of the mi- 
tochondrial inner membrane to small ions and molecules 
(calcium and glutathione) that can lead to a complete collapse 
of the membrane potential and swelling of the matrix. Fig. 5A 
shows that mitochondria isolated from the livers of Sod2~ f + 
mice undergo more rapid swelling in the presence of calcium 
and *-butylhydroperoxide based upon the decrease in relative 
absorbance. To ensure that the increased rate of mitochondrial 
swelling was due to the induction of the permeability transi- 
tion, cyclosporin A, an inhibitor of the permeability transition 
pore (42), was added to the reactions. As illustrated in Fig. 5, 
the addition of cyclosporin A inhibited the decrease in absorb- 
ance, indicating that the changes in absorbance were due to the 
induction of the permeability transition pore. Fig. 5 shows that 
the rate of induction (calculated as ty* in seconds) of the per- 
meability transition by calcium was higher for mitochondria 
isolated from the livers of Sod2'^ mice. However, this increase 
was not statistically significant. Addition of both f-butylhy- 
droperoxide and calcium increased the rate of induction of the 
permeability transition for mitochondria isolated from both the 
Sod2 +/+ and Sod2~ f + mice. The data in Fig. 5 show that the 
rate of induction of the permeability transition was signifi- 
cantly higher (38%) for mitochondria isolated from the 5od2~ /+ 
mice compared with Sod2 +/ + mice in the presence of calcium 
and f-butylhydroperoxide. The more rapid induction of the 
mitochondrial transition pore in the Sod2~ l + mice potentially 
could be serious physiologically because it could lead to the loss 
of mitochondrial membrane integrity. Once mitochondria can 
no longer maintain a proton-motive force, they are unable to 
generate ATP. 

In summary, our data provides more direct and detailed 
evidence that the decrease in MnSOD activity in liver mito- 
chondria of Sod2~ /+ mice is physiologically important. We 
found that superoxide anion levels were increased in the mito- 
chondria from Sod2~ /+ mice as measured by a loss of aconitase 
activity. The increased levels of superoxide anions would be 
predicted to lead to increased oxidative damage, and we have 
presented several lines of evidence showing that mitochondria 
from Sod2~ /+ mice experience greater oxidative stress/damage. 
Glutathione levels are reduced, NADH oxidoreductase activity 
is reduced, carbonyi groups in mitochondrial proteins are in- 
creased, 8-OHdG levels in mtDNA are increased, and the in- 
duction of the permeability transition is increased. Interest- 
ingly, we were unable to detect any evidence for changes in 
oxidative stress/damage in the cytosol and nuclei of liver from 
the Sod2~'+ mice. Oxidation of cytosolic proteins (glutamine 
synthetase activity and carbonyi groups) and nuclear DNA 
(8-OHdG) are similar in the Sod2' /+ and Sod2+'+ mice. Thus, 
it appears that the physiological impact of the mutation in the 
Sod2~ /+ mice is limited to the mitochondria, which is further 
evidence for MnSOD playing a critical role in the first line of 
defense against superoxide anions that are produced during 
normal aerobic respiration in mitochondria. One of the major 
observations from our study was that the function of mitochon- 
dria from the Sod2~' + mice was compromised. Mitochondria 
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isolated from the livers of Sod2~ /+ mice showed reduced respi- 
ratory control ratios with substrates that are metabolized by 
complexes I, II, and in. In other words, it appears that the 
coupling of oxygen consumption to ATP production is less effi- 
cient for liver mitochondria from Sod2~ /+ mice. Thus, we have 
strong in vivo evidence that increased oxidative damage leads 
to reduced mitochondrial function. Our data in vivo are con- 
sistent with the data that has been obtained in vitro over the 
past 20 years showing that mitochondrial function is substan- 
tially impaired when mitochondria are exposed to oxidative 
stress (5). 
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ijxere is: air age^asscKiated decline in the mitochondrial 
function of the W^tar rat heart. Previous reports frpm 
. this lab have shown. a decrease in mitochdndiial 
c^ocn^rne-c ^ oxidase : (G0X) 'activity a^odated iwith 
; .avrea\ierto expression and a 

siirMax decrease in ; the; rate ; of mitochphdrial protein 
syjithe&is. : ,E>arnage lo-mitr^ may : :eori- 
. ibtibiite^tb ft|iis>d<©cline/V." 
•'. Usingithe HPLC^bularray system (ESA; USA); we 
. measured; levels iofnudear 

2^eoxygi^ripsirie (S^oxoclG) from ■ ^mptith (young) 
. and; 23rmon^-dld (senescent) rat hver ONAl We mea- 
■ su^;the s;ertsitivity of the ^ t^hrii4ue>by damaging calf 

thymus ;IDNA : with; photoactivated memylene : blue f or. 

SplsiupK i-k^'Thtleyelsjpiia^ge we're I lineiardver the 

eHtirectto^ times which 

showed; ; levels : cpmj?ar|tble .to; those t&kperted .in Oliver 

Pojr .tjieMver <zi ata, : &-pxod(| ; was iteportted as £; fraction of 

2fdebxy^^n^ne (2-clC3|; TO£re : was |ho 

levels pf 4^xc»dG:leVels in . the nuibieajr ^ DNA from. 6 to 

l^fm^oAtfc^iQjf? 4ge.j ;Hbw£yer; sthe : leVels- :p^ :8rOxodG 

'iiii^a^'ed\ : ^i^f^d--iri; th£ r^todhoiidrial DNA witlVage; 

At 6 mbntl^ 

hjigherithanlr^ arid iricf ^sedltb ja^proximatejy.l?- 
fbld higher rj^ 23; month$[b^ 

\^^io|tn;er|^j3Qjte showirigr&n lag^aspocia^'increase; 
harj^els ;of:mt$NA damage; Ho^eVer, the^degxee to 
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which it increases' is smaller.. Such damage to : the 
mitochondrial DN A ;may contribute, to the age-asso- 
: dated dedine in mitcK^i : 

. Keywords: Mitochondrial DNA, oxidative: damage, DNA 
- : repair/ mitcKrhoridria/agmg, liver . 



THE MITOGHONDRI AL GENOME AND 
OhiGCpRpME c OXIDASE 

Mitochdndria contain their own circular genome 
\ that encodes 2 rRNAs, 22 tRNAs, and ■ i3 poly- 
! peptides. These polypeptides are' subunits of the 
! respiratory chain complexes located in! the mito- 
;cWondrial inner, membrane. E1J With; its own 
; genome, themtochpndrion is capable; of transla- 
\ tion> frainscriptibn, and DNA synthesis. ^However, 
all- of these : prbcesses a re d eperidenf oii cytosolic 
: components of riuclear^origin such as he&trshbck 
proteins, initiation factors, elongation . factors, 
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transcription factors, polymerases and DNA 
repair enzymes 1231 (Figure 1). 

Cytochrome oxidase (COX), the terminal activ- 
ity of the respiratory chain and essential for 
proper nutochondrial function, is composed of 
13 subunits of which the three catalytic subunits 
are encoded by ■ the mitochondrial genome. 
Therefore, a decline in mitochondrial translation 
or transcription of DNA with age could result in 
reduced in COX activity. 

In addition, damage to mitochondrial DNA 
(mtDNA) could play a role in the decrease in 
COX function. One of the major theories of 
aging states that oxidative damage to mito- 
chondrial macromdlecules, including mtDNA, 
decreases mitochondrial function thereby low- 
ering the cell's energy supply leading to cell 
death. 141 DNA damage could reach deleterious 
levels if there was a reduction in repair activity 
or if DNA damage levels simply overwhelmed 




:, FIQURE 1 The process of mitochondrial biogenesis. This flow 
chart illustrates the complexity of the interaction between 
the nuclear, and mitochondrial 1 genomes required for mito- 
chondrial biogenesis and ifunctibn. The backbone*, shown 
with the : miei b)adclin represents theevents that take place 
within the rjutpchoniirion, Those activities anji proteins of 
. non-mitocndnciriai origin '. are labeled in blue , arid are . re : 
quired at numerous points in: the pathway as; indicated by 
the small arrows. TT>ey indudetranscripti^ and 
elongation factors as well: as ttie heat shock prpteihs heeded 
, fcir mitochondrial bic^en nuclear 
* encoded: suSiinits/ sjuicn as those of cytochirome oxidase and 
; the ATP .synthase, and protems areireciuitecl for! prppCT mito* 
chondrial functipn. (See Cdlor platel at the end of this issue.) 



the repair capacity of the mitochondria;. Such a 
loss of mtDNA \ repair and/or increase in 
mtDNA damage could adversely affect COX 
function. 

Previous reports have shown an age-associa ted 
decline in COX activity^ 5,61 After conhrming 
that there was a decrease in COX activity with 
age, we examined - other mitochondrial pro- 
cesses to detesraiine if ; some aspect of initochon- 
drial gene expression could account for this 
change in function; Using; isolated mitochondria, 
we investigated both rnitpchondrial protein 
synthesis and transcription to determine if either 
or both played a role in the decline of COX 
activity. 



CHANGES IN MITbCMONpRIAL 
PROTEIN SYNTHESIS AND GENE 
EXPRESSION WITH AGE 

To verify that there , was an age^associated 
decrease in GOX function in our model> ,;we 
isolated rat heart mitochondria arid compared 
cytochrome . oxidase activities in young, : 6-7- 
month old rats arid; pid,: 23f|^month :pldL rats. 
In agreement with previous reports^ there was a 
30% decrease in CQX 
synthase failed to ^ 

in activity sugg^ting :that the decline in C^ 
activity was the resiilt of the reduced specific 
activity of the enzyme and did riot Effect 
differential containinatidn of : the preparation. 
The decrease in: C<bX activity was a^sociajted 
with a decrease in the : prjoteiri levels of the 
COX subunits and a lower rite of nutoehpridiial 
protein Synthesis with £ge; f ^i There was a similar 
/ decrease in the mRNA expression of the COX 
subunitsi and: a reducjiion in tjtoe rate of mitochon- 
drial trahscription. [7 |: Combined, these decreases 
in mitochondrial function: c<juld account for the 
decrease in GOX activity witjli age. However; we 
wanted ;to detehrdne : n° -dama| ge to mtDNA could 
also play a role in this declinle. 
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oxidative damage; to other 
cellular components 

The free radical theory of aging has become part 
of the fabric: of the scientific community. 181 
Because they are one of the major sources of 
reactive oxygen species. in the cell; mitochondria 
are believed to play a role in the aging: process. [41 
It has been shown that other ceUular rhacro- 
mdlecules such as. proteins, phospholipids, and . 

. nucleic acids suffer oxidative damage. 19 " 111 We 
examined damage to mitochondria by measuring 
Hpid peroxidation in isolated mitochondria using 
the thiobarbitiiric acid reactive species (TB ARS) ; 

: assay. ( 121 This spectrophotometric assay mea- 
sures levels of malondialdehyde (MDA), a: sec- 
ondary product of lipid peroxidation. 

The results show no change in mitochondrial 
TEARS levels indicating no increase in lipid 
peroxidation in the aging rat heart. However, 
the sensitivity of this spectrophotometric assay 
has been brought into question. The problem is 
that other aldehydes may react with TBA giving 
spurious results. It is possible that the best 
method for measuring lipid peroxidation may 
be the separation of: other aldehydes in the 
sample by HPLC followed by a spectrophoto- 
metric analysis or eilecrrochemical analysis of 
the hpid peroxidation product : 4-hydrpxy- 
nonerial.^ 3 - The increased sensitivity of; these 
methods may show a difference in lipid peroxi- 
dation levels. 

CHANGES IN MITOCHONDRIAL t>NA 
PROCESSING WITH AGE 

Our lab recently characterized a protein; : called 
•^to^bndrial oxidative damage^specific end Cr 
nuclease (mtODE): ll41 W and 
defined an : endpnucleaSe with :8-oxoguanine 
specificity that was located wthin' the mitochon- 
drial. We thought mtODE could provide sbme 
insight mto^ age-associated changes m mtDNA 
; processing arid/or mtDNA repair. Due to reports 



showing an increase in mtDNA damage with age/ 
we expected to find a decrease hi ; mtODE 
activity/ 15 " 1 71 Using a radiolabeled 1 oligo contain- 
ing 8-oxoguanine> we tested mitochondrial pre- 
parations from young and old ■ rat hearts for 
mtODE activity 1181 

We found there to be a 40% increase. in mtODE 
activity with age.* 181 This lead us to speculate that 
an increase in DNA damage somehow led to an 
increase in the expression or activity 'of DNA 
processing enzymes. To test this hypothesis, we 
began isolating DNA from rat heart to confirm 
that there were, higher levels of oxidative DNA 
: damage With age. Efforts to determine the levels 
of oxidative damage to mtDNA were hampered 
by the inability to isolate appropriate amounts of 
mtDNA for HPLC-EC analysis from: two rat 
hearts. For reasons not yet. understood, most of 
the heart mtDNA failed to precipitate out of the 
ethanol. We are currently trying to modify and 
optimize the method using the smallest number 
of rats possible. 

To test our hypothesis, we began using isolated 
rat liver mitochondria and began the: process of 
characterizing liver mtODE activity hoping it 
would have, the same increase in activity, as that 
seen in heart. As was the; case with heartv liver 
mtODE activity increased 40% with age; 1181 So we 
felt confident that we could test our theory and 
began the isolation of both nuclear and mitochon- 
drial DNA from rat liver. 

PREPARATION AND ; ANALYSIS OF 
LIVER DNA 

Liver rnitochondria were isolated by differential 
centrifugation for the preparation of mtDNA, 
and the pellet . of the first low speed spin was 
used for the preparation of nuclear DNA. The 
DNA was isolated u$ing the standard RNAase 
A, proteinase K, and phenol chloroform pro- 
cedure with some modifications . which gen- 
erated eriough DNA for analysis (200-500|tg) 
Nucleosides were prepared erizymatically 
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from lOQ ug; of DNA using nuclease PI and 
alkaline phosphatase then filtered through a 
: 0.22-microri filter and a 30 kD cutoff spin 
column. 1201 

To determine the levels of DNA damage, we 
monitored levels of 8-oxodG/ the oxidative 
product of 2-dG/ in tlie nuclear and mitochon- 
drial DNA samples. 121 J This elecfrochemically 
active DNA adduct was measured using an 
ESA four-channel coularray with two channels 
set at low potentials for the detection of 8-6xodG 
and two chanriejs set at higher potentials: for 
the detection of 2-dG. The midpoint potentials 




" Potential (mv) 



. FIGURE 2 Hydrodynamic vottammograms (HDVs) of 8-oxodG 
■ and 1 2rdG, Ttte.HDV is' a current-voltage' curve ■ that indicates 
; the specific voltage; at Which a. compound is oxidised and 

produces'a cfcent; Using standards* for 8-oxodG and 2-dG/ 

:w^fo\ind the; optknuay potential for 2-dG io be around 
.. 9$D'mV (panel- A) arid for 8-oxodG- it was around 300 irtV 

(p'ahel B). This allows accurate ldeiifificajtioti arid separation 

of tHe'two DNA adductsl 



of the two compounds, 8-oxodG and 2-dG, 
differed by 400 mV simplifying identification 
(Figure 2). The levels of 2-dG were too high to 
be measured in the same run, so the samples 
were diluted 1:TQ0 in mobile phase then ana- 
lyzed in a separate run for 2 : dG. All samples 
were analyzed twice. 

The mobile phase . was composed of 100 mM 
sodium acetate, pH 5.15 and 5% methanol. The 
nucleosides were separated isocrarically using a 
C-8 column at a flow rate of 1 ml/min for 30 min 
to avoid spillover to the successive run. Nucleo- 
side standards were run first: and had approxir 
mately a 70 :30 ratio over the two channels. The 
concentrations of the standards were determined 
spectrophotometrically. The peaks were identi- - 
fied in the samples according to the retention time 
and ratio accuracy. For our biological samples, the 
8-oxodG was expressed per 10 5 2-dG. 

To illustrate the sensitivity and accuracy of the 
system, calf thymus DNA was damaged with 
photoactivated methylene blue for up to 2h then 
analyzed for 8-oxodG content. [zz f 231 Damage 
increased, in a linear fashion over me entire 2-h 
time course, and we were able to defect low levels 
of damage with only a 30 s of light exposure. 
More importantly, we were able to confidently 
detect levels in the fmol range needed for 
biological samples (Figure 3). 

To confirm that our peak of interest was indeed 
8-oxodG, we damaged rat liver .DNA with 
methylene blue and light, then split the sample 
in two and treated bne-half with Fpg to remove 
8-oxodG. f241 We analyzed our peak of interest arid 
found that Fpg reduced the Signal by 90% thus 
confh*rnirig our peak was 8-oxodG. 1251 We then 
analyzed our liver DNA. 

AGE-ASSOCIATED INCREASE IN 
mtDNA DAMAGE 

Our results' show an approximate 2.5-f bid in- 
crease in mitochondrial 8-oxodG and ho change 
in nuclear fevels with age. At 6 months of age, 
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. HGUKE 3 HPLC^Couhirtay -detection of 8-GxodG , aiyhy$i6lopeal dajtiage levels: I^otoactivated. methylene blue Qylli) \yas.used ; 
to induce the^esion, 8-oxbdG, in calf thymus DNA. DNA was exposed to MB for Qr-120 miii, men submitt^ HPLC 
an^ly^is: Oianiiels land! were set' tp detect 8-pxpdG and channels' 3' and .4 were set for 2-dG. The induction of damage 
rema^ed ;Hnear up to 1 20 miii (panel A) and was able to detect damage at physiological levels (Inset). 



the 8^bxodG levels in the mtDNAwere roughly 
fpiir times higher than that; in the nucleus. 
However, due td| the age-associated increase in 
mtDNA dannage;, there was ;: ^pproximatfely 1 0 
tirri^s more ! mitochondriai than; nuclear DNA 
damage by 23 ^nths, [2 ? 3 ■; The ^gnitude of the 
jnctfease iri ; rntDNA damage ; \jras ; in . agreement 
wjth : • previdus ' reports, Kow^Ver the absolute 
Wiiies we^e ten times lo wer. 1 • 5,;25 ' 



--SU1V0LAAY- 

The decrease in heart cytochrome oxidase activity 
is due to a decrease in rnitOcHondrial protein 
synthesis and gene expression; Mitochondrial 
gene expression may in turn decrease as a result 
of nitDNA •damage- rritODE adiviry : mcreases 
wi&'ageim both rat heart arid liver. In the liyer, 
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while there is no; change in the level of damage in 
the nuclear DNA with age. 

DISCUSSION 

The measurement of oxidative damage in DNA 
has become an area of intense interest, arid there 
is a portion of the scientific community that has 
dedicated; itself; to determining themost accurate 
method; for ;the measurement of oxidative dam- 
age.; ; We have used the HPLC combined . with 
me ele^ochemical array to measure S^oxodG as 
an indicator of the degree of oxidative damage. 
The relative changes in the levels of mtDNA 
damage are evident. There are! numerous: design 
advances that make the array the preferred 
me:tn0d;:of, analysis. The flow through property 
of ; the electrochemical cells allows complete 
oxidation of the sample and an accurate measure- 
merit. The coularray allows precise identification 
of peaks based on both retention 1 time and the 
ratio of the current across multiply 
: makes peak identification and quantitation more 
r exact than single channel; EC defectors. The 
advantage of HPLC-EC over GC-MS is the ease 
and relative mildness of the sample preparation 
for HPLC analysis reducing the likelihood of 
damage produced from handling and derivatiza- 
tion for GC-MS. However, it lacks the ability to 
measure a wide array of adducts. 

The levels of 8-oxodG that we measured were 
approximately 10 times lower than those re- 
ported by other laboratories. 115 ' 171 This is in large 
part due to the advances that Ames and his 
colleagues have made in the field of DNA 
isolation arid nucleoside preparation; 1201 This, in 
conjunction with the EC array technology, has 
served to "lower the bar" of t)NA damage 
detection. 

An exhaustive search of the literature pro- 
• duced relatively few original reports regarding 
the increased occurrence of mitochondrial DNA 
damage with age. The mitochondriial free radical 
theory of aging, for the most part, lacks extensive 



experiiriental; support [4] These results presented 
here can add to the inventory of mtDNA damage 
reports, but a comprehensive arid long-ranged 
study in hurrians is needed to determine me.true 
impact of free radical damage to mitochondria in 
aging. 
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